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Abstract

The Lagos State coastline is increasingly vulnerable to erosion, driven by both a dominant eastward
longshore sediment transport and ongoing human interventions. Climate change, through rising sea
levels and a changing wave climate, is expected to further influence shoreline dynamics in the coming
decades. Understanding how these factors interact is crucial for supporting long-term coastal manage-
ment along this coastline of major economic and social significance.

This study investigates the impact of climate change on shoreline evolution over a 50-year timescale,
focusing on sea level rise, changes in significant wave height, and changes in wave direction. The one-
dimensional shoreline evolution model ShorelineS was applied and calibrated using satellite derived
historical shoreline data. Simulations were performed for a range of climate scenarios, allowing for a
separate evaluation of the individual contributions of sea level rise, changing wave height, and changing
wave direction to coastal erosion and accretion patterns.

Longshore sediment transport is projected to increase by up to 20% by 2075 under extreme RCP8.5
scenarios. This intensification directly drives changes in shoreline dynamics, leading to amplified ero-
sion in some areas and enhanced accretion in others. Projected shoreline retreat can reach up to 700
meters locally under baseline conditions (i.e., without climate change) by 2075. Climate change can fur-
ther amplify these patterns, with shoreline retreat increasing by up to 10% in erosion-prone areas near
coastal structures. In contrast, accretive zones show a more moderated response due to counteracting
effects between sea level rise and wave-driven accretion.

Wave direction changes were found to have the strongest localized impact on shoreline retreat near
coastal structures, while the influence of wave height changes was less consistent and more variable
along the coast. Sea level rise causes relatively uniform retreat along the entire coastline.

The results provide spatially explicit projections of shoreline retreat and accretion, offering insights into
areas most at risk. These findings support the development of targeted, adaptive coastal management
strategies for Lagos State in the face of a changing climate.
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Introduction

1.1. Research context and problem

This study focuses on the coast of Lagos State, home to the city Lagos, Nigeria’s largest urban centre
with a population nearing 16 million. Lagos is currently the second most populous city on the African
continent and continues to grow rapidly with an annual population increase of 6-8%, more than double
the national average of 2.6% [1, 2]. Between 2000 and 2015, Nigeria’s economy expanded significantly,
with a GDP growth rate of 7% annually [3]. Given its economic importance and dense population, the
coastal area of Lagos State plays a crucial role in the country’s future development.

The wave climate at the Lagos State coast is characterized by high-energetic south-south-west swell
waves. Due to the predominance of waves approaching from the south-southwest, a large eastward-
directed longshore current is induced, which has been estimated to be around 650.000m3 —1.000.000m3
per year [4]. These conditions make the Nigerian coast highly vulnerable to coastal erosion, with local
rates reaching up to 11 metres per year [5]. According to research by Croitoru et al. [6] on behalf of the
West African Coastal Areas Management Program (WACA), The World Bank and The Global Program
Of Sustainability (GPS), erosion alone has cost 1.65 billion US dollars in the year 2018 for just Lagos
State, representing 1.7% of the state’s GDP [6].

Climate change significantly influences the Nigerian coast through both rising sea levels and changes in
wave climate, creating challenges for future coastal management. Recent research has linked global cli-
mate change to rising sea levels, higher ambient temperatures, and intensified weather events, largely
attributed to human activities [7, 8, 9, 10]. Projections indicate that sea levels along the Lagos State
coast could rise by up to 80 cm by 2100 [11]. Additionally, according to Hemer et al. [12], wave climate
projections suggest an increase in significant wave height for the region by 2070-2100 compared to
1979-2009 and a westward shift in wave direction [12].

In order to combat this coastal erosion, several hard engineering solutions, such as groynes [13], have
been implemented. While these structures have provided localized relief, they have also caused sed-
iment deficits downstream (to the east), intensifying erosion in those areas. These groynes also trap
the sediment resulting in a sediment deficit downstream (to the east) of these ports. Despite these
measures, and in some locations because of them, Lagos is still struggeling with the protection of it's
coastline and according to the State Commissioner for Waterfront Infrastructure Development, Yacoob
Alebiosu, it is a priority to protect the coastal villages [14].

1.2. Research objective

This research project aims to assess the long-term impact of climate change on shoreline evolution
along the Lagos State coastline. Specifically, the study investigates how sea level rise and changes
in wave height and wave direction influence patterns of erosion and accretion over a 50-year period.
By applying the one-dimensional shoreline evolution model ShorelineS, the project provides a spatially
detailed analysis of expected coastal change and identifies areas most at risk of future erosion.
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1.3. Research scope

The Nigerian coast is approximately 700 km long, this study will focus mainly on the western part of
the coast of Nigeria defined by the Lagos state coast. This area is defined from the border with Benin
up to the border between Ogun and Ondo. This area comprises approximately 200 km and includes
Lagos city and important economical areas like the Lekki port.

To incorporate the influence of climate change and to analyse the response of the beach on a long-term
time scale, a time scale of 50 years will be used in this research project. Sea level rise, the significant
wave height and wave direction will be the climate change related variables used to assess their impact
on coastal erosion along the Lagos State coast.

There are multiple models possible that can be used to model the morphological response of a shoreline.
In this research project the model ShorelineS will be used as it has proven to be a good model for
making long-term evaluations and impact assessments of coastal structures [15]. It is a free-form
coastline model that is open source and was initiated by stichting Deltares and IHE-Delft [16].

1.4. Research question

The main research question for this thesis project will be: How will sea level rise and changing wave
climate affect long-term shoreline dynamics along the Lagos State coastline?

» Sub-question 1: What are the projected changes in wave climate and sea level over 50 years at
the Lagos State coast?

» Sub-question 2: What engineering workflows are available to simulate long-term coastal morpho-
logical evolution in the context of climate change?

» Sub-question 3: How can historical data be used to calibrate the engineering workflows?

» Sub-question 4: What are the expected patterns of erosion and accretion along the Lagos State
coastline under future climate scenarios?

» Sub-question 5: What are the relative contributions of different climate change variables (e.g. sea
level rise, wave height, wave direction) to projected shoreline change?



[Literature Review

This literature review establishes the theoretical foundation for the thesis project by examining relevant
scholarly works and research. The literature review begins by discussing the coastal dynamics at the
Lagos State Coast. Secondly, this section explores the available models and provides a comprehensive

explanation of the ShorelineS model.

2.1. The Lagos State coast

This section introduces the relevant coastal dynamics at the Lagos State Coast. First, the present day
structures and the Lagos Lagoon will be outlined after which the wave climate and climate change
influence will be introduced. Following this, existing modeling studies of the region will be reviewed.
The Lagos State Coast is approximately 200 km long at stretches from the border between Benin and
Nigeria to the border between the state of Lagos and the state of Ogun.

Lagos state coast is located in the Bight of Benin, which is also part of the Gulf of Guinea

can be seen in figure 2.1
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Figure 2.1: Maps showing the Gulf of Guinea (left) and the Bight of Benin (right). Sources: [17] and [18].
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2.1.1. Structures

Along the Lagos State coastline there are various different structures that will be introduced in this
section. First of all, when moving along the coastline from west to east, the Commodore Channel is
found, which functions as the harbor channel connecting the harbors of Lagos to the oceans and as
the tidal inlet for the Lagos Lagoon. The channel is fixed by a mole on the west site and Eko Atlantic
on the east side. Right after Eko Atlantic a groyne scheme is implemented. Further to the east two
harbors are found, Dangote Quays Lekki and Lekki Port.

Eko Atlantic

Eko Atlantic is a newly created reclaimed area at the coast of Lagos City. The project, initiated in
2008, is a public-private partnership project between the Lagos State government and South Energyx
Nigeria Limited (SENL). It's aim is to increase housing stock, attract investors and to increase coastal
resilience [19]. It will eventually span an area of 9 K'm?, protected by revetments. In 2012, vanBentum
[20] conducted research on the long-term morphological impact of Eko Atlantic and found that, while
the total erosion volumes remain unaffected, the erosion is shifted further downstream in an eastward
direction [20]. A recent satellite image can be seen in figure 2.4.

Groyne Scheme

Just eastward of Eko Atlantic, a groyne scheme consisting of 19 groynes has been implemented to
locally preserve the coastline. The system has provided local relief, but on the east side of the groynes,
significant erosion is occurring as can be seen in figure 2.2, which shows the groyne scheme east of
EKO Atlantic.

Figure 2.2: Satellite image showing the groyne scheme east of EKO Atlantic [21].

Lekki Deep Sea Port

Approximately 50 km to the east from the groyne scheme, the Lekki Deep Sea Port is found. This port
can accommodate ships of 16.5 meters depth. Construction of this port started around 2018 and has
caused erosion on the western side and accretion on the eastern side since.

Dangote Quays Lekki

Furthermore, approximately 10 km east of the Lekki Deep Sea Port, Dangote Quays Lekki is located.
The design, which was performed by CDR International BV, uses the eastern longshore transport to
its advantage by making use of a Sandbar Breakwater. A paper was published by Spek et al. [22] on
its design. Figure 2.3 shows both Lekki Deep Sea Port and Dangote Quays Lekki with the Sandbar
Breakwater.
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Figure 2.3: Satellite image showing Lekki Deep Sea Port (left) and Dangote Quays Lekki with the Sandbar Breakwater (right)
Sentinel-2 Image, True Color [21].

Figure 2.4: EKO Atlantic and the Commodore Channel Sentinel-2 Image, True Color [21].

2.1.2. Lagos Lagoon

The Lagos Lagoon is one of the biggest lagoons of the West African coast with an area of approximately
200km?. [20]. The Lagos Lagoon is primarily connected to the sea by the Commodore Channel, which
is a tidal inlet that functions as the entrance of the Lagos Harbour. It is situated on the west side of
EKO Atlantic as can be seen in figure 2.4. According to Bentum the Lagos Lagoon acts as a sediment
sink depending on sea level rise where a 5 mm/year rise will result in a sediment import of 75,000 m3
per year and 10 mm/year will result in a sediment import of 150,000 m? per year.

Tidal inlets are characterized by the reversal of flow during the transition of the tide into ebb or flood.
During flood the water flows from the sea into the Lagos Lagoon via the channel, during ebb the water
flows out into the sea again. However, because this study looks at the long term development of the
Lagos State coast, the short term tidal implications will not be taken into consideration.

2.1.3. Wave Climate
The wave climate is analyzed by the usage of ERA5 Hindcast data at location 6° N, 3.5° E, which is
approximately 48 km off the coast of Lagos State.

In figure 2.5 the wave rose that was deducted from this data has been plotted. As can be noticed, the
wave direction is south-south-west and has a narrow directional bandwidth.
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Figure 2.5: Wave rose based on offshore hindcast wave data from the ERA5 Hindcast and Reanalysis Archives for location 6°
N, 3.5° E (approximately 48 km off the coast) for the period 1959-2021 [23]

The wave climate at location 6° N, 3.5° E is also characterized by seasonal patterns as can be seen
in figure 2.6. The significant wave height shows some seasonal fluctuation with a peak during the wet
season (June-September) and low values not going lower than 0.75 m. The peak wave period remains

uniform throughout the year with values between 10 - 16 s.

Monthly characteristics of the significant wave height and peak period
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Figure 2.6: Seasonal characteristics for the significant wave height and the peak period, based on offshore hindcast wave data
from the ERA5 Hindcast and Reanalysis Archives for location 6° N, 3.5° E (approximately 48 km off the coast) for the period
1959-2021 [23]

Furthermore, an analysis of the past 110 years of waves and coastline evolution to climate variability
at the Niger Delta (located east of the Lagos State Coast) with a dataset obtained from the ECMWF
ERA-20C atmospheric reanalysis showed that the significant wave height has increased by 0.264 m
presently (1980-2010) compared to 80 years before (1900-1930). Also for the mean wave period an
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increase was visible of 0.32 s in the same time span, along with a 2-degree shift in wave direction (6m),
indicating a westward trend [24].

2.1.4. Future projections wave climate

This section introduces the future projections for the wave climate at the Lagos State coast. Projecting
future values for the wave climate is challenging and involves considerable uncertainty as it depends
on climate scenarios and choices made in the future.

Worldwide projections of the wave direction, significant wave height and wave period are available
through the Coordinated Ocean Wave Climate Project (COWCLIP) phase 2, where the first coordinated
multivariate ensemble of 21th century global (wind-)wave was made available based on ten CMIP-5-
based state-of-the-art wave climate studies [25]. In this thesis project, 20 of these globel wave climate
projections were used to assess the projected wave climate at 6° N, 3° E for two different RCP scenarios
(RCP4.5 and RCP8.5). The results can be seen in figure 2.7.

These wave climate projections are derived using a combination of global climate models (GCMs)
and spectral wave models. First, future atmospheric conditions such as wind speed and direction are
simulated using GCMs developed under the Coupled Model Intercomparison Project Phase 5 (CMIP5),
based on different greenhouse gas emission scenarios (RCP4.5 and RCP8.5). These wind fields are
then used to force global wave models, which compute how waves evolve over time and space in
response to wind forcing. By harmonizing the outputs of multiple such model pairings, the COWCLIP
Phase 2 ensemble provides physically consistent and spatially comprehensive projections of future
changes in significant wave height, mean wave direction, and wave period. This coordinated modeling
approach also allows for quantification of inter-model uncertainty.

The significant wave height is projected to increase under both scenarios for the majority of the global
wave climate projections. Under RCP4.5 the median of the projections for the significant wave height
lies at +1.31 % with a maximum of + 3.5% and a minimum of -1.3 %. Under RCP8.5, both the median
and extremes indicate a more pronounced increase with a median of +3.3 % and a maximum of +6.5%
and a minimum of -0.4 %.

The wave direction is also projected to change. Under both scenarios, the inter quartile range, which
represents the middle 50% of the model projections, lies largely or entirely above the 0 line, indicating
that wave directions will shift further westward. Under RCP4.5, the median increase is +0.3° with a
maximum of +0.8° and a minimum of -0.5°. For RCP8.5, the median is +0.3° and the maximum is
+1.7° and the minimum -0.6°.
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Wave Height and Direction Changes at 6° N, 3° E under RCP Scenarios
according to 20 global wave climate simulations
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Figure 2.7: Projections for changes in significant wave height and wave direction between 1979-2004 and 2080-2099 for
different scenarios (RCP4.5 and RCP8.5) based on COWCLIP phase 2 [25]

2.1.5. Sea Level Rise

Throughout Earth’s history, sea levels have experienced significant fluctuations over time. However, re-
cent observations linking global climate change to rising sea levels in certain regions have been largely
attributed to human activities. Increasingly, scientists concur that climate change has contributed to
a global rise in sea levels, higher ambient temperatures, intensified precipitation, and other extreme
weather events [7, 8, 9, 10]. According to the IPCC AR6 Shared Socioeconomic Pathways (SSP), the
sea level rise in front off the coast of Lagos State is expected to increase up to 1.4 meters. The different
projections for the different SSP’s are shown in table 2.1 [26].

Climate scenario SLR range
SSP1-2.6 0.18 mt0 0.887 m
SSP2-4.5 0.295mto 1.073 m
SSP3-7.0 0.417mto 1.234 m
SSP5-8.5 0.502mto 1.401 m

Table 2.1: Sea level rise offshore Lagos State Coastline (at the 6° N, 3° E)[26] for four different Shared Socioeconomic
Pathways (SSP’s).

2.1.6. Longshore Sediment Transport

The longshore sediment transport is the net movement of sediment particles through a fixed vertical
plane perpendicular to the shoreline [27]. Accurately quantifying longshore sediment transport presents
significant challenges due to the complexities involved in its direct measurement. The longshore sed-
iment transport at Lagos State coast has been estimated in earlier studies. Van Bentum [20] found a
yearly mean eastward longshore sediment transport of roughly 600.000 m? /year to 700.000 m?/year
around EKO Atlantic. Around the same location, at Lagos Harbor, Allersma and Tilmans [28] found
a mean eastward longshore sediment transport of 500,000 m?/year to 1,000,000 m?/year. Van der
Spek et al. [22] calculated the longshore transport at Lekki Quays by using the CERC formula and
found an average value between 650,000 m? /year to 1,000,000 m?/year, with yearly fluctuations of +-
20%. At this Lekki coast, Wang, Shen, and Zhao [4] found a net eastward sediment transport between
584,000 m3 /year to 962,000 m3 /year.
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2.1.7. Previous Modeling Studies in the Gulf of Guinea

Numerous studies have examined the historical, current, and projected changes along the Gulf of
Guinea coastline. This section provides an overview of the current state of knowledge on modeling
and characterizing the Gulf of Guinea’s coastal dynamics.

Giardino et al. [29] have modeled the West African coastline (lvory Coast - Benin) with the Unibest
model in order to come up with a large-scale sediment budget accounting for human interventions
and climate change. In this systematic approach, the climate change impacts were investigated for
the time period 2075-2100. Based on their finding, they have proposed a suggestion for setting up a
regional sediment management plan. Furthermore, they found that the influence of sea level rise on
the sediment budget is less compared to the influence of the changing wave climate. Especially the
shift in the direction of the waves will induce an alternation of erosive and accretive patterns [30].

Abessolo Ondoa et al. [31] and Abessolo et al. [32] have also researched the coastal dynamics off
(the bight of) Benin. First of all, in 2017 a study was conducted in which the storm-impact and sea-
sonal cycles at the coast of Grand Popo, Benin were researched. The research was based on video
monitoring from 2013-2016 accompanied by field data and Wavewatch 11l IOWAGA wave hindcast data.
They found that the alongshore average shoreline position was determined more by the seasonal wave
height pattern than the storm intensity [31].

Additionally, a research was conducted in which the CASCADE coastal evolution model was used
to assess the coastline of the Bight of Benin in the period from 2000-2015 taking into consideration
anthropogenic influences (such as coastal structures) excluding climate change. The results were
used to estimate the needed amount of sediment to combat the coastal erosion in the area [32].

Furthermore, Landsat images from 1990 - 2015 were used to assess the shoreline change in the Bight
of Benin [33]. This article complements the research by Almar et al. [34], which examined the origins
and temporal dynamics of the wave climate impacting this coastline. It includes calculations of sand
volumes transported alongshore by wave action and provides estimates of how climate change might
affect the wave regime and longshore sediment transport [34].

The influence of the Lekki Port has been studied over a timespan of almost 20 years by Wang, Shen,
and Zhao with the use of shoreline evolution model Litdrift. It was found that under natural conditions
the shoreline near to the Lekki Deep Sea port is relatively stable. The shoreline to the west will shift
to the tip of the breakwater in the next 20 years. However, sand bypassing will start earlier [4]. The
shoreline to the East of Lekki Deep Sea Port will shift a maximum of 260 meters in the next 200 years.

Finally, the MIKE 21/3 model was used in two studies: one by Daramola et al. (2022) assessing the
impact of sea level rise on coastal retreat along Nigeria’s Mahin mud coast and another by Badru et
al. (2022) modeling sediment transport along the southwestern coast of Nigeria. Both studies were
conducted over relatively short time scales: two days in September 2020 and three months in 2011,
respectively. For the Mahin mud coast it was found that the eastern part is most vulnerable to sea level
rise and for the southwester coast of Nigeria it was found that reactive, site-specific hard-engineering
coastal management approaches will give counter-productive results and a long-term, regional wide
coastal management is needed.

2.2. Available models

Various models are available for (long-term) coastal modeling. They all vary in complexity, computa-
tional demands and stability. Every model has its own advantages/disadvantages, simplification and
assumptions. This section will give an overview of the available models and explain the model that will
be used in this thesis project.

There have been numerous (review) papers that give a very clear overview of the available models.
In 2020 Montafio et al. [37] published a paper in which both shoreline evolution models and machine
learning techniques were tested on the Tairua beach in New Zealand with a calibration period from
1999-2014 and a forecast period from 2014-2017 [37]. Furthermore, a review paper by Mutagi, Yadav,
and Hiremath [38] was published in 2022, which gives an overview of different available models used
for alongshore, cross-shores, sandy coasts and estuaries for both long-term and short-terms periods
[38]. Additionally, another review paper was published by Hoagland et al. [39] in 2023, which focuses
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more on the application of models on Coastal Barriers, such as those found along parts of the Lagos
State coastline [39].

Finally, a paper by Hunt et al. [40] from 2023 present an overview of shoreline modeling techniques
differing in complexity [40]. The paper categorizes these models into four main groups: Data Driven
models, Semi-Empirical models, Reduced-Complexity models and Process-Based models. A summary
of the different models is presented in table 2.2 and a morphodynamic modeling complexity spectrum
with simplified model examples is given in figure 2.8. The next chapter gives an overview of these four
categories.
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Figure 2.8: The morphodynamic modelling complexity spectrum (left), with corresponding simplified model examples on the
right. Advantages/disadvantages are shown in green/red, respectively. [40].

2.2.1. Data Driven models

Data-driven models predict future or previously unseen coastal states by identifying empirical relation-
ships between the forcing and the response time-series, without requiring prior understanding of the
physical processes at play. The main advantage of this approach is that it overcomes gaps in sys-
tem knowledge by allowing the algorithm to learn patterns directly from the data. Data-driven models
include two types of models: statistical models and machine learning models. In Machine Learning
models, there are no underlying assumptions of the structure of the relationship in the data and the
model is trained to find such a structure. Statistical models rely on predefined assumptions about the
relationships between variables [41, 40].

Examples of statistical models include: 1) Empirical Orthogonal Function (EOF) analysis, which is used
to decompose the temporal evolution of different modes of morphology, where the modes can repre-
sent key beach processes [42, 43, 44, 45]; 2) Canonical Correlation Analysis (CCA), which identifies
linear combinations of variables in one set (e.g., wave forcing) that are most strongly correlated with
linear combinations of variables in another set (e.g., beach profile changes) [46, 47, 48, 49]; and 3)
Bayesian Networks (BN), which are probabilistic models that represent conditional dependencies that
link variables [50, 51, 52, 53].

In Machine Learning models, algorithms enable computers to learn from datasets. Examples of Ma-
chine Learning models are Artificial Neural Networks (ANNs) and Recurrent Neural Networks (RNNs).
In ANNSs, the relationship between the input (e.g., wave parameters) and output (e.g., beach response)
is established through multiple hidden layers, where the connections are quantified and adjusted during
the model’s training process [54, 55, 56, 57]. RNNs differ from ANNs by incorporating ’'memory,” which
allows them to account for dependencies on previous data points [58] [41].
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During the recent 'Shoreshop’ by Montafio et al. [37] it was shown that data-driven models performed
comparable to semi-empirical models. However, a lack of generality was observed when applying the
data-driven models to new sites or when forcing conditions outside the training datasets were used.

2.2.2. Semi-Empirical models

In Semi-Empirical models, the wave parameters (e.g. wave height, period and direction) are directly
linked to coastal response. These models are generally quite simplistic as they skip the intermediate
steps of computing for example sediment transport or wave shoaling and dissipation. Some well-known
Semi-Empirical models are the shoreline position model by Miller and Dean [59] (2004), the equilibrium
profile model by Davidson and Turner [60] (2009) and the ShoreFor model by Davidson, Splinter, and
Turner [61] (2013) . The shoreline position model by Miller and Dean was one of the first to develop
a semi-empirical model to forecast shoreline change. Davidson and Turner proposed an equilibrium
profile model that incorporates a forcing term proportional to the squared dimensionless fall velocity,
along with a constant (static) equilibrium term, which is set equal to the mean dimensionless fall velocity.
The ShoreFor model by Davidson builds on this previous model and includes a dynamic equilibrium
term . Numerous other semi-empirical models exist [62, 63, 64, 65, 66, 67, 68, 69, 70]; however, for
the sake of providing a concise overview, they have been excluded from the table [40].

2.2.3. Process-Based models

Process-Based models, also called physics-driven or bottom-up models, demonstrate a significant de-
gree of variation, including area and coastal profile models and depth-averaged (1D/2D) and depth-
resolving models (2D/3D). Generally these kind of models are computationally expensive, meaning that
longer timescales might take more effort to compute. One of the best known Process-Based models is
the Delft3D model, developed by Deltares, which investigates hydrodynamics, simulates wave propaga-
tion, sediment transport, currents, morphology, estuarine, and coastal environments [71]. XBEACH is
another model where Deltares was one of the developers alongside with UNESCO-IHE, Delft University
of Technology and the University of Miami. This is a two-dimensional model for wave propagation, long
waves and mean flow, sediment transport and morphological changes of the nearshore area, beaches,
dunes and backbarrier during storms [72]. Mike21 is another established model that is used for simulat-
ing hydrodynamics and hydraulic phenomena in estuaries, coastal waters, seas, short waves, sediment
transport, wave dynamics, and harbors [73]. Telemac is another model that stands out for its efficient
and flexible use of finite element methods, which sets it apart from other models [74]. Furthermore,
FINEL (FINite ELements) is an inhouse hydrodynamic flow model from Svasek Hydraulics that can
be applied in 1D, 2DH, 2DV, and 3D scenarios. This model is designed to map complex phenomena
such as sediment transport, morphological seabed developments, and the interaction between waves,
currents, water levels, and varying seabed topography [75].

2.2.4. Reduced-Complexity models

Reduced-Complexity models cover a wide range of different models with different dimensionalities and
complexities. Generally speaking, they include key processes, focusing only on specific aspects that
are crucial to the representation of that process [76]. Overall, they perform better with more complex
coastal environments than data-driven or semi-empirical models.

Reduced-complexity models can be categorized into three types based on their primary focus: models
that primarily simulate cross-shore evolution, models that focus on longshore evolution, and models
that integrate both cross-shore and longshore processes. SBEACH is a cross-shore evolution model
that was developed in 1989 by Larson and Kraus and it models wave shoaling, dissipation and setup
across the beach profile [77]. A model that follows a similar method to that of SBEACH is ForCE. The
ForCe model is computationally efficient and stable, accommodating changes in water levels caused
by tides, storm surges, and long-term sea-level rise (dynamic equalibrium) [78].

One of the most well-known 1D long-shore shorline models is GENESIS (GENEralized model for SIm-
ulating Shoreline change). The model, grounded in one-line shoreline change theory, assumes a con-
sistent beach profile shape, simplifying shoreline evolution to the movement of a single reference point,
such as the Mean High Water shoreline. It accounts for sediment transport driven by oblique wave
approaches and longshore wave height gradients, making it one of the most widely used tools for
predicting shoreline evolution on longshore transport-dominated beaches over timeframes of 1-100
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months and spatial scales of 1-100 kilometers [79]. Similar to GENESIS, varies other one-line mod-
els were developed such as ONELINE [80], LITPACK [81], UNIBEST-CL+ [82], LONGMOOR [83] and
most recently ShorelineS [16].

Lastly, there are also Reduced-Complexity models that incorporate both cross and long-shore pro-
cesses. CoSMoS-COAST is such a hybrid one-line model that incorporates shoreline displacement
due to cross-shore transport processes, it was developed by Vitousek et al. [64] in 2017 . The LX-
Shore model [84] integrates the Kamphuis [80] longshore transport model with the ShoreFor model [61]
which results in a model capable of modeling complex morphologies such as sand spits. Antolinez et
al. [85] (2019) developed the COCOONED (CrOss-shOre, loNg-shorE and foreDune evolution model)
which incorporates the CERC longshore transport model within a one-line equation, including a hybrid
transformation of waves and dune erosion, while also accounting for cross-shore processes. The CEM
(Coastal Evolution Model) simulates the evolution of sandy, wave-dominated coastlines under vary-
ing wave climates. This one-line model is specifically designed to explore how large-scale shoreline
patterns emerge from changes in wave direction and climate. CEM2D, which is inspired by CEM, addi-
tionally simulates mesoscale morphodynamic evolution, depositional features, and sediment transport
driven by changes in water levels [86, 87, 88].

Another model that simulates the long-term evolution of shoreline and long shore and cross shore
sediment transport is the CASCADE model, developed by Larson, Kraus, and Hanson [89] in 2002.
Build upon the CASCADE model is the GenCade mode, which is also build upon the GENESIS model.
It is a shoreline change and sand transport model which was build by the US Army Corps of Engineers
in 2012 [90]. Furthermore, the Q2D-Morfo model, which was made by Arriaga et al. [91] is a model
that is based on the wave-driven alongshore sediment transport, including cross-shore transport in a
simplified way and neglecting tides [91].
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Model Category Model Name Description Reference | Year
Empirical Orthogonal | Decomposes morphological changes into modes for anal- | [42, 43, 44, | NA
Function (EOF) ysis and prediction. 45]
Canonical Correlation | Identifies linear combinations of variables in one set (e.g., | [46, 47, 48, | NA
Data Driven Models - | Analysis (CCA) wave forcing) that are most strongly correlated with linear | 49]
Statistical combinations of variables in another set (e.g., beach pro-
file changes).
Bayesian  Networks | Probabilistic model that represents conditional dependen- | [50, 51, 52,
(BN) cies between variables. 53]
Artificial Neural Net- | Relationship between output (e.g., beach response) and | [54, 55, 56, | NA
Data Driven Models - | works (ANNs) input (e.g., wave forcing) is learned during training. 57]
Machine Learning Recurrent Neural Net- | Able to incorporate ‘memory,” which allows them to ac- | [58] 2021
works (RNNs) count for dependencies on previous data points.
Shoreline Change | Forecasts shoreline change. [59] 2004
Model
Semi-Empirical Equilibrium Profile | Incorporates dimensionless fall velocity for shoreline evo- | [60] 2009
Models Model lution.
ShoreFor Model Includes a dynamic equilibrium term; applies to global | [61] 2013
cross-shore transport-dominated coasts.
SBEACH Cross-shore evolution model modeling wave shoaling, | [77] 1989
dissipation, and setup across the beach profile.
ForCe Computationally efficient and stable, accommodating | [78] 2021
changes in water levels caused by tides, storm surges,
and long-term sea-level rise (dynamic equilibrium).
GENESIS One-line model for shoreline evolution driven by sediment | [79] 1989
transport and wave gradients.
ONELINE A simplified one-line model focused on shoreline change | [80] 1993
due to sediment transport and wave dynamics.
LITPACK A software package that includes a one-line shoreline | [81] 2016
change model as part of its suite for simulating coastal
sediment transport and morphodynamics.
UNIBEST-CL+ A numerical model that uses one-line theory for simulat- | [82] 2011
ing long-term shoreline evolution and sediment transport
Reduced-Complexity along coasts.
Models LONGMOOR A one-line numerical shoreline evolution model. [83] 2018
ShorelineS A modern one-line model designed for efficient shore- | [16] 2020
line evolution predictions over large spatial and temporal
scales.
CoSMoS-COAST Hybrid model combining cross-shore and longshore pro- | [64] 2017
cesses for shoreline displacement.
LX-Shore model Combines longshore and cross-shore sediment transport | [84] 2018
for complex morphologies.
COCOONED Models cross-shore and longshore sediment transport | [85] 2019
along with foredune evolution.
CEM Predicts mesoscale morphodynamic coastline evolution | [86, 87] 2001
and sediment transport.
GenCade A shoreline change and sand transport model combining | [90] 2012
CASCADE and GENESIS.
CASCADE Long-term shoreline and sediment transport model. [89] 2002
Delft3D Simulates complex wave, sediment, and morphological | [71] 2004
dynamics.
XBeach Focused on storm impact on coastal morphology, includ- | [72] 2009
ing dune erosion.
MIKE21 A comprehensive modelling system for the simulation of | [73] 1992
Process-Based ) ) . )
hydraulics and hydraulic-related phenomena in estuaries,
Models
coastal waters and seas.
TELEMAC Simulates 2D/3D hydrodynamics and sediment transport | [74] 2013
processes.
FINEL Svasek Hydraulics’s inhouse hydrodynamic flow model | [75] NA

that can be applied in 1D, 2DH, 2DV, and 3D scenarios.

Table 2.2: Overview of available models, their descriptions, references, and years.
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2.2.5. Model Selection

Based on the comparison of available model types, ShorelineS was selected for this study due to
its suitability for large-scale, long-term shoreline evolution modeling. While process-based models
like Delft3D offer detailed representations of physical processes, they are computationally expensive
and require extensive site specific input data, often unavailable for the Lagos State coastline. On
the other hand, reduced-complexity one-line models such as ShorelineS strike a balance between
physical realism and computational efficiency, making them well suited for simulating decadal scale
coastal changes under multiple climate scenarios.

2.3. ShorelineS

This paragraph explains the functioning of ShorelineS. ShorelineS, being a one-dimensional (1D) coast-
line model, is particularly well-suited for studying the long-term evolution of coastlines. The model fo-
cuses on broad temporal and spatial scales, making it useful for studying the coastal dynamics of Lagos
State’s 200 km-wide coastline over a timescale of several decades. ShorelineS is recently developed
by J.A. Roelvink (Deltares/Unesco-IHE/TU Delft) and B.J.A. Huisman (Deltares/TU Delft).

In the model, the coastline is represented as a series of grid points that dynamically expand or contract
based on changes in sediment volume. Figure 2.9 provides a visualization of this concept. These
grid points simulate the movement of the active coastal profile, capturing the evolution of the coastline
contour. The conservation equation used in ShorelineS to update the coastline is:

on 1 6Q;, RSLR 1
5t _HS 5s tan(p) + D, qu

(2.1)

Where:

» n is the cross-shore coordinate

* sis the longshore coordinate

» tistime

» D, is the active profile height

* @, is the longshore sediment transport
+ tan(f) is the average profile slope

* RSLR is Relative Sea Level Rise

* ¢; are other source or sink terms
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Figure 2.9: Coastline schematization used in ShorelineS, from [16].

In line with other 1D coastline models, ShorelineS assumes that the cross-shore profile remains in
equilibrium. This assumption justifies the exclusion of cross-shore sediment transport processes. Con-
sequently, coastline changes are primarily driven by wave-induced longshore sediment transport. The
longshore transport equations available in ShorelineS are listed in Table 2.3.

Longshore Transport Equation | Formula

CERC1 Qs = bgscat H. sy 2 sin(ofr)

CERC2 Qs = K1qscartsc Hi2 > T3 c0s5/5 (orr) sin(oofr)

CERC3 Qs = K2qscaltschs bf, sin(2¢pr)

Kamphuis Qs = 2.33qscartsc KsHZ, T3 tanl™ D% sin®° (2¢3,)
Mil-Homens Qs = O.15qscaltSCK3H§'b7§Tpo'89 tan%‘g6 DgOO'GQ sin0'5(2¢br)
Van Rijn 2014 Qs = 0.0006 - qscartse Ka Ksweups tan* D3 " HZP vioral

Table 2.3: ShorelineS longshore transport equations.

CERC1 and CERC2

While most transport equation make use of the wave angle at breaking, which are indicated by a sub-
script br, CERC1 and CERC2 use the offshore significant wave height (H; ;) and wave direction
(¢osr). CERC1 is the simplest formula and has as main function to illustrate the principles of behaviour
of the coastline model. CERC2 is based on CERC1 and includes refraction and shoaling in the formula.

Two coefficients for CERC1 and CERC2 are introduced, b and K. These are computed as:

b FPV9/k (2.2)

16(ps — p)(1 —p)

Ky = (@)1/5 Ko, Ko~ 0.4 2.3)

Where:
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* k is the wave number

* g is the gravitational acceleration

* ps is the density of sediment

* ~ is the breaking index

» K, is the default calibration coefficient according to the Shore Protection Manual [92].

CERCS3

CERCS3 is widely used in models such as GENESIS, it is derived from CERC1, but applied after wave
transformation has taken place. H, ;. and ¢, are therefor the significant wave height and wave direc-
tion at the breaking. In CERC3 scaling parameter K is defined as followed:

K, g
Ky = = (2.4)
? 16(1 - p)(ps - pw)/ﬂw \/;
Kamphuis & Mil-Homens

The Kamphuis and Mil-Homens equation are similar to CERC3, but introduce extra input parameters
such as beach slope (3) and grain size (Ds5() to achieve more precise outcomes with reduced calibration
effort. Also the wave period (7},) is incorporated in this formula. Mil-Homens differs from Kamphuis as
it has re-calibrated the parameters. The K3 parameter is defined as followed:

1
B 0w 29)

Van Rijn 2014

The van Rijn equation from 2014 is similar to the Mil-Homens and Kamphuis equations, but require
also a swell-parameter (K1), Which depends on the occurrence of swell waves and a parameter to
account for additional currents (v;.q1), Which is defined as:

Vtotal = Vwawve + Vcurrent (26)

Vwave = 0.3(gHs,br)0'5sin(2¢b,.) (2.7)

It must be noted that in the current version of ShorelineS v, ren: is set to zero. K, is defined as:

(2.8)
And K.y is defined as:

Ksweu = 0.015Pgyen + (1 - O-Olpswell) (29)

2.3.1. Numerical implementation

This subparagraph aims to explain the numerical implementation of ShorelineS. ShorelineS uses two
column vectors, x.m and y.m, which may be in a cartesian (metric) system. Each set of coordinates
defines a single point. These points collectively represent the dynamic evolution of the coastline.

In ShorelineS, the offshore wave climate can be specified using one of three methods [16]:

1. By means of wave direction and a spreading sector. A uniform distribution is assumed between
the mean wave direction and plus or minus half the spreading sector. For time step a random
wave direction will be chosen from this sector.

2. By means of a wave climate considering a number of wave conditions. A condition will be chosen
randomly for every timestep.

3. By means of a time series of wave conditions, for which the model will interpolate in time.
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ShorelineS applies Snell’s law for refraction and depth-induced breaking (based on the breaking index
(7). Shoaling is based on the change in wave-celerity and group velocity at the considered depths. The
transformation of deep-water waves to the toe of the dynamic profile assumes parallel offshore depth
contours.

Boundary Conditions

Four options are available for the definition of the boundary conditions in ShorelineS. A closed boundary
where there is no sediment transport at the boundary. A fixed coastline position, which ensures that the
transport at the boundary is the same as the transport in the adjacent transport point of the coastline
which results in a zero transport gradient. A third option is a fixed coastline orientation, in this case
the initial orientation of the coastline is kept constant. The last option is a periodic boundary where the
computed transport rates at the start and end grid points will be averaged throughout the simulation
[16].

2.3.2. Coastline evolution

In this section, the approach of ShorelineS to simulate coastline evolution is discussed. As illustrated
in Figure 2.9, the local orientation of the coastline is determined by the positions of adjacent points.
For each coastline point, the longshore sediment transport is computed. If there is a transport gradient
between two points, the coastline will either erode or accrete accordingly. The mass-conservation
equation, previously introduced as Equation 2.1, is solved using a staggered forward time-central space
explicit scheme.

p 1 Q(QJ — Q! 1)
A ji_ _ - 8,1 8,1 At 210
" T, L; (2.10)
Here, j is the time step index, At is the time step size, i indicates the point index, and L; is the length
of the corresponding grid element, calculated as: L; = \/(miﬂ — %)% + (Yir1 — ¥i)%. Where z and y
are Cartesian coordinates. For normal displacement, the changes in coastline position are given by:

Aa:f _ —nf <yi+1L_. Yi—1) (2.11)
Ay = pg s i) 2.12)
xg+1 _ xf + Ar{ (2.13)
yl "=yl + Ay (2.14)

A variable timestep is used by default in ShorelineS, which ensures computational stability. Since
an explicit scheme is used, the time step is constrained for stability, ensuring the following criterion:
Zﬁé < % . Here, ¢ is the diffusivity, related to the maximum gradient of sediment transport concerning
the wave angle relative to the coast. The diffusivity can be approximated as: emax = % , where

Qmaz is the maximum transport rate in the model. This imposes the following limit for the time step:

D.As?
4Qmax

At <

(2.15)

2.3.3. Nourishments

Nourishments can be implemented in ShorelineS by defining a nourishment rate, area and timespan.
The model then calculates the shoreline accretion rate by distributing the total volume across the spec-
ified coastline length and time period, accounting for the profile height D.. Nourishments can also be
used to prescribe a sediment sink by making the nourishment rate negative [16].

2.3.4. Spatially varying grids

ShorelineS allows for the use of a spatially varying grid, enabling finer resolution in areas of interest
and coarser resolution elsewhere. This approach improves computational efficiency while preserving
detail where it matters most.
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2.3.5. Groyne handling

There are numerous coastal structures that can be defined in ShorelineS. This section will give an
introduction to the way groynes are handled. Groynes can be inputted as x and y coordinates and will
(partially) block or bypass alongshore sediment transport. Figure 2.10 shows how a groyne is handled
in ShorelineS.

Figure 2.10: Handling of a groyne [16].

The bypassing of the groyne happens when the depth at the tip of the groyne (D) is smaller than the
active depth of the longshore transport (D,).

QSb _ (FC - DD;T) QSupdrift if Ds < DLT (2 16)
S if D, > Dpr

Where F, is typically 1 based on the equilibrium profile shape of Dean. D, is defined as followed:

D, = Ayyit? (2.17)

Where y,., is the distance from the structure’s head to the nearest point of the coastline and A, the
sediment scale parameter depending on D5, and defined as A, = (1.04+0.086*log(Ds())?. The active
longshore transport (D) is calculated as followed:

Ay
Dpr = 7(H1/3)b (2.18)

Where A,,=1.27, a factor that converts the highest 1/10 waves to the significant wave height and y is the
breaker index and (H 3) is the significant wave height at the breaker line. The bypassed sediment
is distributed uniformly along the downdrift side of the groyne until reaching the location where the
bypassed transport volume becomes smaller than the unshadowed transport.

Wave Diffraction

In addition to their impact on sediment transport, coastal structures also influence wave patterns. Struc-
tures such as groynes can create sheltered zones where wave diffraction plays a key role in shaping
the coastline. In these areas, the incoming wave energy is reduced due to the reorientation of wave
angles around the structure. This diffraction effect is modeled as a reduction in wave height, which de-
pends on the angle and direction of the diffracted wave originating from a diffraction point, for example
the tip of the structure.



Methodology

This chapter outlines the methodological approach used to address the research objective and sub-
questions of this thesis. It begins with an overview of the overall methodology, followed by a detailed
description of the wave transformation process. Subsequently, the application of the ShorelineS model
is discussed. The chapter then addresses sources of uncertainty and concludes with a description of
the conducted ShorelineS simulation runs.

3.1. Overall Methodology

To obtain predictions for the shoreline dynamics up to the year 2075 in ShorelineS, numerous steps
have to be taken. First of all, the initial coastline and structures need to be schematized in the model.
Secondly, the nearshore wave conditions need to determined. This is done by using 400 MDA selected
offshore hindcast wave conditions for both sea and swell waves and transforming these to nearshore
wave conditions with a SWAN model for the area of interest to be used as an input for a gaussian pro-
cess model to transform the full offshore dataset to nearshore conditions. Calibration of the ShorelineS
model will be done based on historical shoreline positions retrieved from satellite data. A schema-
tization of the overall methodology can be seen in figure 3.1. This chapter provides a more detailed
explanation of these steps. Itfirstintroduces the SWAN model and its associated components, followed
by the set-up of the ShorelineS model. Finally, the chapter discusses the uncertainty in the modeling
approach and presents the final ShorelineS simulations.

19
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Figure 3.1: Schematic overview of the methodology applied in this thesis project. Light grey boxes indicate input data, while
dark grey boxes represent the tools used.Light blue boxes relate to wind wave processes, and dark blue boxes to swell wave
processes. Green boxes represent climate change-related components, and the yellow box indicates the final shoreline
dynamics output.

3.2. Wave Transformation

This section provides the wave transformation process. First, an overview of the model set up of
SWAN is given after which an overview of the model set-up is provided, followed by three assessments
conducted to evaluate the computational grid. Subsequently, the Gaussian Process model used for
nearshore wave transformation is introduced. Finally, the approach for incorporating climate change
projections into the wave climate is described.

SWAN (Simulating WAves Nearshore) is a numerical wave model designed for simulating wave prop-
agation in coastal and nearshore environments [93]. It is widely used in coastal engineering to model
wave transformations, including refraction, diffraction, and breaking, under various conditions. It is
capable of transforming offshore wave conditions into nearshore wave parameters.

3.2.1. Model set-up
In SWAN, there are multiple inputs that need to be defined: The Grid, the bathymetry, the offshore
wave climate, wave breaking parameter and the model parameters.

Grid

This study employed a triangular grid where a coarser mesh density was applied in offshore regions,
while a finer mesh density was implemented in nearshore areas to improve detail and accuracy in areas
where coastal processes are more active. In the definition of the grid, boundaries need to allocated at
which the wave climate is enforced. Three distinct offshore boundaries were established to simulate
spatially varying wave conditions at the model’s offshore limit. Figure 3.3 shows the grid’s coarser and
finer density as the shore is approached.

Bathymetry

The bathymetry used in the SWAN simulations is derived from publicly available GEBCO data. How-
ever, the accuracy of this dataset becomes worse in nearshore areas. To address this limitation, more
precise Navionics data was utilized for nearshore regions and the grid was adjusted accordingly. The
bathymetry is in line with the bathymetry used in earlier projects by CDR International BV in the same
area and it can be seen in figure 3.2.
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Figure 3.2: The bathymetry used as input in the SWAN model.
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Figure 3.3: The original full grid and a zoomed in part of the grid to show to finer density near the shore.

Wave breaking index

In SWAN, the default of the breaking index is set to 0.73. However, for the SWAN runs related to swell
the breaker index was set to 0.8. Swell waves are generally longer than wind waves and carry more
energy. Swell waves have a higher breaker index compared to wind waves because they will act more
as plunging breakers (gamma between 0.8 and 1.2) rather than spilling breakers (gamma between 0.6
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and 0.8) [27]. For the SWAN runs related to wind a breaking index of 0.73 was used.

Model parameters
There are multiple parameters that need to be defined in SWAN. Parameters that differ from the default
settings are listed below.

» TRIADS were turned on to include wave-wave interaction.
» WCAP was turned on to include the influence of white capping.

* Numerical parameters where SWAN stops the process if the relative change in H, from one
iteration to the next is less than [drel] and the curvature of the iteration curve of H, normalized
with H, is less than [curvat] or the absolute change in H, from one iteration to the next is less
than [dabs]. Both conditions need to be fulfilled in [npnts] percentage of all wet points.

— Dabs =0.012
— Drel =0.012

— Curvat=0.012
— Npnts =99

Offshore Wave Climate

The offshore wave climate needs to be defined in SWAN in the form of H (signifcant waveheight), T,
(peak wave period), ¢,, (wave direction) and 6, (directional spreading) at the boundary of the grid.
For both wind and swell waves, this data can be obtained from the ERA5 hindcast dataset [23], which
provides global coverage at a 0.5° latitude/longitude resolution and spans a time series from 1959 to
2021. In chapter 3.2.3 a more elaborate explanation will be given on how this wave data was obtained.
A directional spreading of 10° was used for swell waves, and 30° for wind waves.

3.2.2. Grid Assessment

During the set up of the SWAN model, the grid and bathymetry were used as shown in figures 3.2 and
3.3. Three assessments were conducted in order to assess the validity of this implemented grid and
bathymetry. The tests are summarized in table 3.1 and a more extended explanation is given later in
this chapter.

Assessment Difference from original Summary
Grid extent Vertically expanded computa- | Because the offshore waves propagate
tional grid to the nearshore at an angle, a shadow

zone arises. This assessment quanti-
fies the extent of this shadow region.
Depth at bound- | Forcing boundary at 1000 m | It is assumed that the depth of the
ary depth boundary forcing points is at 1000 m
depth, however this is not everywhere
the case in the original grid. This
assessment utilizes boundary forcing
points at 1000 m depth.

Depth ERA 5 Input wave conditions of | It is assumed that the depth at which
1000 m depth the input wave conditions were com-
puted in the ERA5 dataset is also 1000
m. This was not the case and more off-
shore conditions were used that were
computed at 1000 m depth.

Table 3.1: Grid assessments

Grid extent

The total width of the grid is about 200 km, which is the same width as the area of interest. However,
because of offshore waves propagating towards the shore at differencing angles, a shadow zone arises
where the nearshore waves representative of the actual wave conditions not representative of the
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actual nearshore wave climate. The wave direction distributions are shown in table 3.2. As can be
seen, most of the waves (>99%) are in the range of 180-220 degrees. Because of this unidirectional
wave climate a large part of the nearshore waves will be accurate calculations of the actual nearshore
wave climate. However, this unidirectional wave climate also has as a result that a part at the west
side of the calculated nearshore wave conditions are not representable for the actual wave conditions.
To determine which nearshore output points wave climate in the SWAN runs with the original grid are
representable for the actual nearshore wave climate a horizontally expended grid was constructed

In order to test this, a larger grid was used to test various wave conditions from the previously defined
direction bands. This grid can be seen in figure 3.4. As can be seen in figure 3.5b, for a wave direction
between 200-210 degrees (which represent 25.61% of the waves) the first 25 points are not accurate.
For wave direction 180 - 190 (figure 3.5a, representing 19.17% of the waves) it can be seen that the
last 10 points are also not accurate. That is why the area of interest was refined by excluding the first
25 points and the last 10 points, effectively reducing the study domain by approximately 35 km. The
results for all the different wave directions can be found in appendix A.

Horizontally Extended grid
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Figure 3.4: Horizontally extended grid with the output locations highlighted in red.

Wave Direction Range (degrees) | Percentage (%)
< 180 0.70
180 — 190 19.17
190 — 200 51.12
200 — 210 25.61
210 — 220 3.24
> 220 0.17

Table 3.2: Wave Direction Distribution from ERA5 Hindcast Data (1956—-2020) at 6°N, 3°E
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Figure 3.5: Top graph: Hsig at the output points at the -5m contourline for different wave directions. The yellow line represents
the horizontally expended grid and the purple line represents the original smaller grid. Lower graph: absolute difference
between waveheights at the -5m contourline modeled in the horizontally expended grid and the original grid.

Depth at boundary

The wave conditions are enforced on the southern boundary in figure 3.3. As can be seen in figure 3.3
and 3.2, the bathymetry at this southern boundary is not homogeneous. In the model, it is assumed
that this depth is approximately 1000 meters, for a large part of the southern boundary this is the case,
but for the eastern part depths go as low as 100 meters. This creates a potential source of error in the
model’s wave predictions. This has been tested by changing location of the forcing boundary in such
a way that it falls in the 1000 m depth zone. This new grid can be seen in figure 3.6.
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Figure 3.6: Forcing boundary at 1000 m depth grid with the output locations highlighted in red.

Again six different representative wave directions were simulated to investigate the influence of the
difference in depth at the forcing boundary. The two most important results can be seen in figure 3.7
which shows the significant wave height at the -5 m output points for wave direction 180-190 and wave
direction 190-200. The first shows a small discrepancy between the test run and the original run at the
eastern boundary, which supports the conclusion of excluding the 10 most eastern points. The second
plot shows the most frequent wave direction, for which no relevant discrepancies are noticed. All six
representative wave directions can be seen in appendix A.
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Figure 3.7: Top graph: Significant waveheight at the output points at the -5m contourline for different wave directions. The
yellow line represents the 1000m boundary grid (grid figure: 3.6) and the purple line represents the original smaller grid (grid
figure: 3.3). Lower graph: absolute difference between waveheights at the -5m contourline modeled in the 1000m boundary

grid and the original grid

Depth ERAS5

During the set-up of the SWAN model, the depth at the three locations for which the ERA5 hindcast
data was extracted was assumed to be similar to the depth of the respective locations in the bathymetry.
However, after further investigating the depths of the ERAS hindcast dataset, it was found that the
depths were not similar to the depths of the locations in the bathymetry. At the three locations the
depth in the bathymetry used in the SWAN model was 1000 meter. However, the ERA5 hindcast data
for location 6°N, 3°E was extracted at 79.00 meter, for location 6°N, 3.5°E was extracted at 138.01
meter and for location 6°N, 4°E was extracted at 166.99 meter. This mismatch could as well create a
source of error in the model’'s wave predictions. At locations 5.5°N, 3°E, 5.5°N, 3.5°E and 5.5°N, 4°E
in the ERAS hindcast data the wave climate was extracted at approximately 1000 meter. A grid was
constructed which is vertically extended in such a way that the forcing boundary is at the 5.5°N, this
new grid can be seen in figure 3.8.
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Figure 3.8: Input wave conditions at 1000 m depth grid with the output locations highlighted in red.

As can be seen from figure 3.9, which shows the significant wave height at the -5m contour line for a
predominant wave direction of 190-200 degrees, the two model simulations demonstrate comparable
outcomes. All the other representative wave directions can be seen in appendix A.
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Figure 3.9: Significant wave height at the -5m contour line for wave direction 190-200 (51.12%). The yellow line represents
the vertically extended grid up to latitude 5.5 (grid figure: 3.8), the purple line represents the grid adjusted to 1000m depth
boundaries (grid figure: 3.6). The lower graph shows the absolute difference between wave heights at the -5m contour line

modeled in the vertically extended grid and the 1000m boundary grid.

3.2.3. Maximum Dissimilarity Algorithm

Simulating the complete 3-hourly ERA5 hindcast wave climate from 1959 to 2021 for both wind and
swell waves with SWAN to obtain the corresponding nearshore conditions would be too computational
expensive. That is why a maximum dissimilarity algorithm was used to select a representative subset
of the wave climate diversity of 400 time steps for both wind and swell waves. These 400 represen-
tative time steps are later used in a Gaussian Proces Model to convert the complete timeseries from
offshore to nearshore conditions. This paragraph presents the main concepts of an MDA and outlines
the methodology applied. The Python package mdapy, which was used in this master thesis, was
developed by Pablo Garcia Pérez [94], based on the MDA as proposed by Guanche et al. [95].

The steps in the MDA are as followed. First the algorithm is initialized by starting with an empty subset
S and choosing the first data point arbitrarily. Secondly, the iteration starts in which for each data point
in the subset S the minimum distance from that point to the points in the subset is calculated. The point
with the greatest dissimilarity (maximum distance calculated) is included in the subset S.
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In this project nine different parameters were used in the MDA to select 400 representative time steps
in the wave conditions between 1959 and 2021. The parameters were significant wave height, peak
wave period and wave direction for three offshore location. For the wind wave conditions not nine, but
eleven parameters were used in the MDA, also including the u and v component of the wind velocity.
The significant swell wave height is plotted against the swell peak wave period for location 6°N, 3°E in
figure 3.10 to give an indication of the results of the MDA.

MDA Results
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Figure 3.10: MDA results for 6°N, 3°E swell waves. The grey dots represent all the time steps in the ERA5 Hindcast dataset
and the red dots indicate the points selected by the MDA algorithm.

3.2.4. Gaussian Process model

This paragraph provides the key aspects of the Gaussian Process model used. After the 400 SWAN
runs have been completed for both wind and swell waves, a Gaussian Process model is used to convert
all the 184.088 timesteps (3-hourly since 1959) offshore conditions into nearshore wave conditions at
the approximately 200 nearshore output locations. Gaussian Process models offer a non-parametric
probabilistic framework ideal for identifying nonlinear dynamic systems. In this thesis project a Gaus-
sian Process model made by BJ van der Spek was used which has been used in previous projects for
transferring offshore waves to nearshore waves conditions. Furthermore, Gaussian Process models
have proven to be effective in deriving nearshore wave conditions from global wave model outputs [96,
97].

In the Gaussian process model, y represents the nearshore wave parameters and x represents the
offshore wave parameters. Here, y is assumed to take the following form [98].

y=f(x)+e (3)

Where the noise term ¢ ~ N(0,02).. The function f(x) is distributed as a Gaussian process [98].

f(x) ~ GP(m(x), k(x,x)). 3.1)
A Gaussian Process GP is defined by a mean (m(x) and a covariance function k(x,x’)). The mean

function reflects the expected function value at input x. In this project a linear mean function was used
[98].

m(x) = fo + 11 + Parz + ... + B (3.2)
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where j; are coefficients that are learned during model training.

The covariance function k(x, x’) defines the similarity between function values at different input points.
In our implementation, we selected the Matérn kernel (with v = 3), which is a type of radial basis function,
as our covariance function [99]:

1—v _~/ v I
kntater (X, X') :02;”) (@'X 1X|> K, (\/EX 1X|) (3.3)

where o2 is the signal variance, [ is the characteristic length scale, T is the gamma function, and K, is
the modified Bessel function of the second kind.

The Matérn kernel was chosen because it better captures the physical nature of ocean wave trans-
formation processes, which typically exhibit some degree of smoothness but can also contain sharp
transitions [99].

For making predictions with the trained GP model, we need to calculate the marginal probability distri-
bution p(y). The joint probability distribution of observed targets conditioned on function values f(x) is
defined as:

P (%) = N(f(x),0*1) (3:4)

where [ is a diagonal matrix representing independent noise [100].

To predict the nearshore wave conditions at a new offshore point x*, we need to determine the marginal
probability distribution p(y*). This is obtained by marginalizing the conditional distribution p(y = | f(ax))
over the distribution p(f(zx)) [100]:

p(y) = / Py | () p(f () df () (3.5)

p(y = | f(z*)) is Gaussian thus this integral yields another Gaussian distribution [100]:

p(y) = N(f(x)|m, K) (3.6)

Gaussian Process model performance

In this section the performance of the Gaussian Process model will be analyzed. This was done by
taking 20 random samples from the ERA5 Hindcast time series from 1959-2021 for both swell and wind
waves. These 40 offshore wave conditions were converted to nearshore conditions both by SWAN and
by the Gaussian Process Model. Figure 3.11 and 3.12 show the comparison between the SWAN and
Gaussian Process Model for the signifcant wave height and the wave direction of the swell and wind
waves. The perfect match is plotted in red and the colors indicate the density of the overlapping points,
where brighter colors indicate a higher density.
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The comparisons presented in Figure 3.11 and 3.12 demonstrate a high degree of concordance be-
tween the Gaussian Process model predictions and the SWAN simulation results. This validation
confirms the capability of the Gaussian Process Model to accurately represent the nearshore wave
climate with computational efficiency comparable to the physics-based SWAN model. The GP model
shows stronger accordance for swell waves compared to wind waves, which can be attributed to the
higher directional spreading typically exhibited by wind waves. The exceptional agreement observed
for swell waves suggests that the substantial sample size of 400 may be larger than necessary, given
the relatively consistent wave climate patterns observed across the three offshore locations. For wind
waves, however, a larger sample size would have been beneficial to better capture the wider range of
directional variability.

After converting both wind and swell waves from offshore to nearshore conditions, the two wave com-
ponents are combined to create the total wave field at approximately 200 nearshore output locations.

3.2.5. Nearshore Wave Climate

Resulting from the previous explained steps, the nearshore wave climate is computed for the nearshore
output locations. Figure 3.13 shows the mean significant wave height and the mean wave direction
for the relevant nearshore output locations for the years 2010-2019. The locations of structures are
included for comprehensibility. The significant wave height fluctuates between a mean value of 0.9
and 1.5 meters. At all locations, the mean wave direction exceeds 180°. Note that this is measured
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clockwise from true (geographic) north, not relative to the shoreline.
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Figure 3.13: Mean significant wave height and mean wave direction for the relevant nearshore output locations at -10 m depth
for the years 2010-2019. Locations of structures are included for comprehensibility.

3.2.6. Incorporating Climate Change

To account for climate change, the respective changes in significant wave height and wave direction
are applied to the offshore wave conditions for both swell waves and wind waves, These waves are
than transferred from offshore to nearshore conditions after which they are combined nearshore.

3.3. ShorelineS Model Setup and Calibration

ShorelineS, as described in chapter 2.3, is a 1D coastline model and is written in Matlab. This paragraph
provides an overview of the model set-up and calibration.

3.3.1. Model Set-up
ShorelineS requires inputs that need to be defined: The initial coastline, the structures coordinates, the
wave climate, boundary conditions and additional data.

Initial Conditions
Initial conditions for the model required establishing both the initial shoreline position and existing
coastal structures.

Initial shoreline

The initial shoreline used for this study is based on the 2020 shoreline position derived from the spin-up
and calibrated ShorelineS simulations covering the period from 2000 to 2020. This approach ensures
that the initial shoreline has already partially adjusted to the model’s internal dynamics and equilibrium
state, reducing potential artificial behavior that might occur if starting from raw observational data. The
resulting shoreline is subsequently converted into a .xy format, compatible with the ShorelineS model.

Structures
The structures present at the Lagos State coast include: revetments and groynes. These structure



3.3. ShorelineS Model Setup and Calibration 32

locations have been allocated and converted to xy coordinates which can be used as ShorelineS input
parameters. To develop a more efficient model, several simplifications were implemented. The ports
are modeled as simple groynes rather than complex port structures. Similarly, Eko Atlantic and its as-
sociated groyne system have been consolidated into a single representative groyne. This simplification
is appropriate given the regional scale of the study, where the cumulative effect of the entire protection
system on the larger shoreline dynamics is of greater interest than the localized effects between indi-
vidual structures. These simplifications significantly reduce computational demands while maintaining
the ability to capture the essential large-scale coastal processes and interventions.

Transport Equation

As explained in chapter 2.3, there are multiple transport equations available in the ShorelineS model.
In this thesis project the van Rijn 2014 equation was used as this is the latest transport equation which
also incorporates the specification of the sediment.

Boundary Conditions
As explained in chapter 2.3 there are multiple ways to define the boundaries in ShorelineS. It has been
chosen to set the transport at the boundary at the same rate as the adjacent transport point.

Wave Climate

The nearshore wave climate needs to be defined in the form of the nearshore H;, and 6;,.. As ex-
plained in chapter 3.2 the nearshore conditions are derived from offshore ERA5 hindcast wavedata
[23] and converted to nearshore conditions by SWAN. For the future wave climate (2020-2075), the
wave conditions from 2010-2020 were cyclically repeated to represent subsequent decades. Climate
change predictions for significant wave height and wave direction were also included which will be
further explained in chapter 3.4.3.

Profile Parameters

The active profile is defined by inner depth of closure to the dune toe. The inner depth of closure is
based on Hallermeier equation (equation 3.7). Where Hisp,, is the waveheight exceeded 12 hours
per year and T2, is the associated wave period. For location 6°N, 3°E the Hi3, is 2.58 m and the
associated 7112, is 15.95 s. The H;, is calculated to be 5.7 meters. The dune toe is assumed to be
4 meters, which is in line with previous projects by CDR Internation BV. The total active profile height
comes down to approximately 10 meters. The beach slope tan(3) has been set at 1:25. The Dy, is
set at 0.0004 m.

2

H12hy
H;,, = 2.28 - Hygpy — 68.5 - T2 (3.7)
9 Liony

Space and Time Step
The time step is set to variable with a maximum of 1 day. The space step is spatially varying with,
utilizing 2000 meters for consistent transects and 300 meters in less consistent regions, such as those
with coastal structures.

Calibration factor
A calibration factor ¢,.,; is required in ShorelineS. Based on calibration, ¢,.,; has been set at 0.45. In
chapter 3.3.2 and 4.2 a more elaborate explanation of the calibration process is given.
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Model parameter Setting

Time step 1 day

Initial space step spatial varying (300-2000) m
Transport formula VR14

Active profile height 10m

tan(pB) 1:25

Dso 0.0004 m

Wave conditions Conditions at -10 MSL contour line
Calibration coéfficient | 0.45

Table 3.3: Summary of ShorelineS model setup

3.3.2. Calibration

This paragraph summarizes the key elements of the calibration process used to calibrate the ShorelineS
model and thereby gives an answer to sub-question 3: How can historical data be used to calibrate
the engineering workflows? The model will be calibrated based on the development of the coastline at
multiple parts of the Lagos State Coastline based on two time periods. The first runs from 2000-2020
and the second from 2017-2021. From 2000-2020 the accretion at the west side of the west mole will
be assessed. The second time period from 2017-2021 is interesting because just before this period
the construction of the groyne scheme and Lekki Deep Sea Port was finished. These runs therefor
simulate the influence of these coastal structures. During the calibration process the scaling parameter
qsca; Will be determined. A summary of the calibration periods can be seen in table 3.4.

Time period | Segments of interest | Note
2000-2020 2,3and 4 -
2017-2021 5and 11 Groyne schema and Lekki Deep Sea Port implemented

Table 3.4: The two time periods for which ShorelineS calibration simulations will be performed including the segments of
interest.

CoastSat

CoastSat is an open-source Python toolkit that can be used to obtain time-series of shoreline positions.
It was created by Kilian Vos [101]. It is based on satellite images from Landsat 5-9. All the shorelines
that were extracted were checked manually and where possible a yearly average shoreline was used
in order to minimize errors in the analysis and provide more reliable results.

Because CoastSat cannot handle segments larger than 100km?, the coast was split up in segments. In
total 11 segments of the Lagos State coast were analyzed with Coastsat. The segments can be seen
in figure 3.14.

In the comparison between CoastSat and ShorelineS a reference line was used to calculate the av-
erage displacement compared to this reference line. This allows for an analysis where shoreline pro-
gression is visualized as displacement over time relative to this baseline. The shoreline displacement
is corrected for tidal cycles to establish a baseline measurement.

Sateihie

Figure 3.14: The 11 different segments that were analysed in CoastSat

Calibration Model Set-Up
In this paragraph the model set-up for the calibration period will be elaborated. To a large extent it
is similar to the model set-up explained in chapter 3.3.1, however it differs on some aspects. The
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calibration period runs from 2000-2021 because in this timeperiod there is an abundance of shoreline
position data. This makes it possible to take averages.

Initial Conditions

For the first time period the initial coastline is based on the average shoreline from 2000 based on
CoastSat satelite images. In 2000 the coastal structures present were different from the ones presentin
2020. The building of Eko Atlantic had not started yet and the two Lekki ports were also not constructed.
There were groynes present at Commodore Channel.

For the second time period the initial coastline is based on the average shoreline from 2017 based on
CoastSat satellite images. In 2017 Dangote deep see port, EKO Atlantic and the groyne scheme after
eko atlantic were constructed. These coastal structures are all taken into consideration in this second
calibration time period.

Boundary Conditions

Just as for the future runs, the transport at the boundary has been set to the same rate as the adjacent
transport point. Chapter 2.3 provides more detailed information regarding the ShorelineS boundary
condition implementation.

Wave Climate
The wave climate is based on the output of the Gaussian Process Model which is based on the ERAS
offshore hindscast data. The wave climate is spatial varying with output locations every 1000 m.

Other Parameters

In line with the future runs, the active profile height is set to 10 meters and the time step is set to
variable with a maximum of 1 day. The space step is spatially varying with, using 2000 meters for
uniform transects and 300 meters in less uniform areas, such as those with coastal structures.

Just as stated in chapter 3.3.1, the transport formula is the van Rijn 2014 transport formula.

Model parameter Setting

Time step 1 day

Initial space step spatial varying (300-2000) m
Transport formula VR14

Active profile height (d) | 10 m

ddeep 10m

dnearshore 6m

Wave conditions Conditions at -10 MSL contour line
Calibration coéfficient 0.35; 0.45; 0.55

Table 3.5: Summary of ShorelineS model setup for calibration

3.4. Uncertainty

During the process of estimating the shoreline dynamics of the Lagos State coast, uncertainty plays an
important role. In this project the uncertainty has been divided into three categories: Natural variability,
Modeling uncertainty and Climate uncertainty.

3.4.1. Natural Variability

Natural variability refers to the fluctuations in the wave climate independent of long-term climate change
trends or human interventions. In this project, natural variability has been incorporated by using a 10-
year baseline period (2010-2020) for developing future wave climate projections. This approach has
as advantages that it captures both the intra-annual variability and the inter-annual variability.

3.4.2. Modeling Uncertainty

The modeling uncertainty refers to the uncertainty in the ShorelineS model. The uncertainty of the
SWAN model is not taken into account in this category as this is out of the scope of this project. The
modeling uncertainty follows from the assumptions that have been made in setup of the model. As will
be explained in chapter 3.3.2 optimal calibration coefficients ¢,..; vary between different segments of
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the coastline and thus induce an uncertainty. The Van Rijn formula, which is the longshore sediment
transport formula used in this project, is, next to the wave conditions, also dependent on the bed slope
(8), sediment characteristics (dsg and p;) and the percentage of swell waves present. All these factors
function as scaling parameters, which means that variations in any of them will proportionally increase
or decrease the total longshore sediment transport, similar to the effect of the ¢,..; parameter. That
is why the modeling uncertainty in this project is included by assessing the possible ranges for ¢scq;
following from the calibration.

3.4.3. Climate Uncertainty

Getting a grip on uncertainties in climate change predictions poses a challenge. To address this, in this
project 20 different global wave climate simulations derived from six state-of-the-art CMIP5-based wave
climate models are analyzed. The projected changes in significant wave height (as a percentage) and
wave direction (in degrees) were measured for the period 2080-2099 for location 6°N, 3°E, under both
the RCP4.5 and RCP8.5 scenarios. The global wave climate simulations were sourced from Morim
et al. [25].

The mean of the future (2080-2099) significant wave heights and wave directions for the different sce-
narios were compared to the base period (1979-2004) and then adjusted to represent conditions for
the year 2075. The resulting mean, median range for both scenarios can be seen in table 3.6.

Parameter | Scenario | Mean | Median | Range min | Range max
Hs, RCP4.5 | +0.9% | +1.1% -1.0% +2.8%
RCP8.5 | +2.6% | +2.8% -0.3% +5.2%
0, RCP4.5 | +0.2° +0.3° -0.4° +0.6°
RCP8.5 | +0.4° +0.3° -0.5° +1.4°

Table 3.6: Mean, median and range for significant wave height and wave direction changes by the year 2075 based on 20
different wave climate models [25]

Sea Level Rise

Sea level rise under different emission scenarios for the whole world is modelled by the IPCC [26] and
the values for the area offshore of the coast of Lagos State are summarized in table 2.1 in chapter
2.1.5. The values for 2080 are shown in table 3.7 and are the values that will be used in the ShorelineS
model.

Climate scenario SLR range
SSP1-2.6 0.16 mto 0.69 m
SSP2-4.5 0.22mto0 0.77 m
SSP3-7.0 0.28 mto 0.84 m
SSP5-8.5 0.322mt00.94 m

Table 3.7: Sea level rise at the Atlantic Barrier lagoon coast of Nigeria for the year 2080 [26], based on table 2.1.

3.5. Final Model Scenarios and Simulation Overview

Based on the climate uncertainties as outlined in chapter 3.4 different ShorelineS runs have been
derived. First of all the different climate scenario’s were applied in ShorelineS. These runs are summa-
rized in table 3.8. The sea level rise median is calculated by taking the mean of the range per scenario.
In addition, for both the low and high RCP4.5 and RCP8.5 scenarios, separate simulations were car-
ried out in which sea level rise and wave climate changes (wave height and direction) were applied
independently. These runs were specifically included to capture the potential counterbalancing effects
of these drivers in accretive areas, where sea level rise tends to induce retreat while wave climate
changes can enhance accretion. Secondly, to assess the individual contribution of the different climate
change parameters, the runs as outlined in table 3.9 have been conducted.
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AH, Ab, SLR note

0% 0° Ocm base scenario
-1.0% | -04° | 22cm RCP4.5 low scenario
+1.1% | +0.3° | 45 cm | RCP4.5 median scenario
+2.8% | +0.6° | 77 cm RCP4.5 high scenario
-0.3% | -0.5° | 32cm RCP8.5 low scenario
+2.8 % | +0.3° | 56 cm | RCP8.5 median scenario
+5.2% | +1.4° | 94 cm RCP8.5 high scenario
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Table 3.8: The different ShorelineS runs and the change in parameters by the year 2075. The changes in significant wave
height, wave direction and sea level rise increase or decrease at a constant rate until they reach their projected values for 2075.

Run AH, Ab, SLR note
8 +52% | +0° Ocm | Only AH, (RCP8.5 high)
9 +0% | +1.4°| Ocm | Only Ad; (RCP8.5 high)
10 +0 % +0° | 94 cm | Only SLR (RCP8.5 high)

Table 3.9: The different ShorelineS runs for assessing the individual contribution of the different climate change parameters
and the change in parameters by the year 2075. The changes in significant wave height, wave direction and sea level rise
increase or decrease at a constant rate until they reach their projected values for 2075.

3.5.1. Definition of Areas of Interest

To enable localized interpretation of the model results, five Areas of Interest were defined along the La-
gos State coastline. These areas were selected based on the presence of major coastal infrastructure,
known erosion hotspots, and observed variability in shoreline behavior.

These areas are later used in the results chapter to examine spatial differences in projected shore-
line displacement. An overview of the Area of Interest locations and characteristics is provided in
Figure 3.15.

Figure 3.15: The five areas of interest used to examine the projected shoreline displacement.



Results

4.1. Introduction

This chapter presents the findings from the analyses conducted in this research. First, the calibration re-
sults are discussed, focusing on shoreline displacement and longshore sediment transport. Secondly,
the calibrated ShorelineS model is applied to simulate shoreline evolution and sediment transport un-
der a range of future climate scenarios, providing insights into the potential impacts of sea level rise
and wave climate change along the Lagos State coastline. This is followed by an assessment of the
associated uncertainties, which highlight the variability in model outcomes.

4.2. Calibration

During the calibration, different segments along the Lagos State coast were assessed for two differ-
ent time periods. This section first introduces the shoreline displacement analysis, followed by the
longshore sediment transport rates for these periods.

4.2.1. Shoreline Displacement

As stated in chapter 3.3.2, the shoreline displacement analysis will be conducted by comparing histor-
ical satellite retrieved shorelines with the ShorelineS model. This is done by looking at different seg-
ments along the Lagos State Coastline. The segments can be seen in figure 3.14 and the segments
of interest are stated in table 3.4.

In the analysis of the shoreline displacement, the average shoreline displacement across each segment
was determined by first creating a reference line along the coast. From this line, 200 evenly spaced
transects were generated perpendicular to the reference. For each transect, the distance between
the reference line and the shoreline was measured along the transect direction, for both the modeled
shorelines (from ShorelineS) and the observed shorelines (from CoastSat). The average of these
distances was then used to quantify the mean shoreline displacement for each segment.

To account for uncertainty in the satellite-retrieved shorelines, multiple shoreline positions were used to
compute a LOWESS (locally weighted scatterplot smoothing) trend of the average shoreline displace-
ment. The LOWESS trend smooths short-term variability and outliers in the satellite data by fitting
local regressions to subsets of the data, resulting in a clearer representation of the long-term shoreline
movement, enabling a more robust comparison between ShorelineS and CoastSat. To quantify this
comparison, yearly displacement rates were computed in meters per year for the LOWESS trend of
the satellite retrieved shorelines and the modeled shorelines.

Time period 1 (2000-2020)

In the first time period, the ShorelineS model ran from 2000-2020. In these runs, the West and East
Mole around the Commodore Channel were the coastal structures implemented making the segments
around these (segments 2, 3 and 4) interesting to look at.

37
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Segment 2

Segment 2 is located at a distance of approximately 12 km west of the commodore channel. The
influence of the West Mole is visible in the results of both CoastSat and ShorelineS, both show a similar
seaward trend as can be seen in figure 4.1a. When comparing the LOWESS trend and the modeled
average displacement, a varying accretive rate of around 0.2 - 1.5 meters per year from 2000-2020
can be observed in the LOWESS trend. A ¢,..; of 0.35 renders an accretion rate of 1.4 meters per
year, making it the best fit for segment 2. Figure 4.1b shows the yearly averaged satellite shorelines

compared to ShorelineS shorelines.

Segment 3

Shoreline Displacement Over Time for Segment 2

10

. LANDWARD

-40

Average Shoreline Displacement compared to Reference Shoreline

SEAWARD
-70
1985 1990 1995 2000 2005 2010 2015 2020 2025
Date
—— Run 1; g_scal = 0.35 —— CoastSat (LOWESS trend)
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(a) Average distance from reference line. The blue dots indicate the individual CoastSat shorelineas
and the dark blue line indicates the Lowess averag of these points. The green (gscq: = 0.55), orange
(gscar = 0.45) and light-blue (gscq: = 0.35) indicate ShorelineS runs from 2000-2020.

ShorelineS vs CoastSat shorelines for Run 1; g_scal = 0.35
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(b) CoastSat yearly averaged satellite shorelines compared to ShorelineS shorelines
for the years 2000, 2005, 2010, 2015 and 2020 for gscq; = 0.35 (blue line in figure
4.1a

Figure 4.1: ShorelineS model runs compared to CoastSat satellite data for segment 2
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Segment 3 is located just westward of the western Mole and is characterized by this west Mole that acts
as a sediment trap. This results in an accumulation of sediment which is visible in both the CoastSat
data and the ShorelineS model runs. As can be seen in figure 4.2 the ShorelineS runs have an accretive
trend of 1.9, 2.6 and 3.4 meters per year approximately for ¢,.,;=0.35, 0.45, 0,55 respectively. The
CoastSat satellite based LOWESS trend shows an accretive trend of approximately 2.8 meters per
year. This matches best with a value of ¢,.,; of 0.45.

Shoreline Displacement Over Time for Segment 3
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(a) Average distance from reference line. The blue dots indicate the individual CoastSat shorelineas
and the dark blue line indicates the Lowess average of these points. The green (gscq; = 0.55),
orange (¢scq1 = 0.45) and light-blue (gscq; = 0.35) indicate ShorelineS runs from 2000-2020.

ShorelineS vs CoastSat shorelines for Run 5; g_scal = 0.45
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(b) CoastSat yearly averaged satellite shorelines compared to ShorelineS shorelines
for the years 2000, 2005, 2010, 2015 and 2020 for gs.,; = 0.35 (blue line in figure
4.1a

Figure 4.2: ShorelineS model runs compared to CoastSat satellite data for segment 3

Segment 4

Segment 4 is located east of the Commodore Channel and just east of EKO Atlantic. In this segment
the groyne scheme was constructed around 2014. That is why the modeled shorelines and the satellite
retrieved shoreline are only compared from 2000-2010. In this time period an erosive trend is visible in
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figure 4.3 of 3.7, 4.5 and 5.3 meters per year for the modeled shorelines for values of ¢,.,; 0f 0.35, 0.45
and 0.55 respectively during the time period 2000-2020. The LOWESS trend for the satellite-retrieved
shorelines shows an erosion rate of approximately 5.2 meters per year, indicating that ¢s.,; = 0.55
provides the best fit for this segment.

Shoreline Displacement Over Time for Segment 4
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Average Shoreline Displacement compared to Reference Shoreline
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— Run 3; gq_scal = 0.55

Figure 4.3: Average distance from reference line. The blue dots indicate the individual CoastSat shorelineas and the dark blue
line indicates the Lowess averag of these points. The green (¢s.q; = 0.55), orange (gscq: = 0.45) and light-blue (gscq; = 0.35)
indicate ShorelineS runs from 2000-2020.

Time period 2 (2017-2021)

For the second time period the ShorelineS model was run from 2017-2021. In this runs the coastal
structures that were present in the first time period were present alongside the groyne scheme and the
Lekki Deep Sea Port. That is why segment 5, next to the groyne scheme, and segment 11, next to
Lekki Deep Sea Port are analysed in this section.

Segment 5

Segment 5 is situated just east of the groyne scheme which causes the shoreline to retreat in this area.
This is also clearly visible in figure 4.4 where the model predicts an erosive rate of 13, 16.7 and 20.3
meters per year for ¢,.,;=0.35, 0.45, 0,55 respectively. The LOWESS trend based on the satellite data
renders an erosive trend of 19.3 meters per year and thus ¢,.,; = 0.55 results in the best fit. Figure
4.4b also shows that directly after the groyne scheme, the ShorelineS model accurately describes the
erosive landward trend.
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Shoreline Displacement Over Time for Segment 5
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(a) Average distance from reference line. The blue dots indicate the individual CoastSat shorelineas
and the dark blue line indicates the Lowess averag of these points. The green (gs.q: = 0.55), orange
(¢sca1 = 0.45) and light-blue (gscq:; = 0.35) indicate ShorelineS runs from 2017-2021.
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Figure 4.4: ShorelineS model runs compared to CoastSat satelite data for segment 5

Segment 11

Just west of Lekki Deep Sea Port segment 11 is situated. The accretion directly west of the port is
captured by the ShorelineS model as can be seen in figure 4.5b. The accretive rates predicted by the
ShorelineS model are approximately 4.8, 6.2 and 7.6 meters per year from 2017-2021 for ¢,.,;=0.35,
0.45, 0,55 respectively and can be seen in figure 4.5a. The CoastSat based LOWESS trend has an
erosive rate of 6.1 meters per year and thus a ¢,.,; of 0.45 renders the best fitting results.
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Shoreline Displacement Over Time for Segment 11
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(a) Average distance from reference line. The blue dots indicate the individual CoastSat shorelineas
and the dark blue line indicates the Lowess averag of these points. The green (gs.q: = 0.55), orange
(¢sca1 = 0.45) and light-blue (gscq:; = 0.35) indicate ShorelineS runs from 2017-2021.
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Figure 4.5: ShorelineS model runs compared to CoastSat satelite data for segment 11

4.2.2. Longshore Sediment Transport

Next to the shoreline displacement, the longshore sediment transport @, is also a valuable variable that
provides additional insights into coastal processes. As stated in chapter 2.1.6, the longshore sediment
transport was estimated to be around 600.000 m? /year to 1.000.000 m? /year.

For analyzing the longshore sediment transport three locations have been selected at three different
segments of the shoreline based on a couple of constraints:

+ Sufficient distance from the boundary points.
« Sufficient distance from coastal structures.
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» The local shoreline orientation is representative of the average orientation for that shoreline seg-
ment.

The three selected points are shown in figure 4.6. Building on the results of the CoastSat calibration
results as stated in chapter 4.2, the total sediment transport is based on the results where ¢,.,; = 0.45.

Shoreline with Selected Points (UTM 31N)

Tiles (C) Esri - Source: Esri, Ecubed. USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid. IGN, IGP. UPR-EGP. and the GIS User Communit
340000 360000 380000 400000 420000 440000 460000 480000
Easting

Figure 4.6: The three selected points for the western part, middle part and the eastern part.

Point West

Point West is located west of Eko Atlantic and is close to the study area of van Bentum [20], who
researched the influence of Eko Atlantic and found a net longshore sediment transport of 600,000 —
700,000 m3/year. As can be seen in figure 4.8, which shows the yearly mean sediment transport
through Point West from 2010-2019, the sediment transport at this point is in line with these findings.
The mean sediment transport for this time period is around 680,000 m?/year with yearly fluctuation
being around +-10%.

Yearly Mean Sediment Transport Rate for Point West
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Figure 4.7: Yearly mean sediment transport through Point West for the period 2010-2019 with gs.q; = 0.45.

Point Middle

Point Middle is located at the east of the groyne system and on the west of Lekki Deep Sea Port.
However, the point is selected at a sufficient distance from these structures to ensure that it's longshore
sediment transport is not influenced by the presence of these structures. Earlier research did not
examine this exact location, however it is close to Lekki Deep Sea Port and Dangote Quays Lekki
where Wang, Shen, and Zhao [4] found a longshore sediment transport of around 584,000 m?3/year
to 962,000 m?/year and van der Spek et al. [22] a longshore sediment transport of 650,000 m?/year
to 1,000,000 m?/year. Here a mean longshore sediment transport of around 1,070,000 m?/year is
found for the period of 2010-2019, with yearly fluctuations of +- 5%. This is slightly larger than found
in literature.
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Figure 4.8: Yearly mean sediment transport through Point Middle for the period 2010-2019 with gs.q; = 0.45.

Point East

Point East is located just east of where Dangote Quays Lekki located. It must be noted that in these
calibration runs neither Lekki Deep Sea Port nor Dangote Quays Lekki were present. Here a mean
longshore sediment transport of around 820, 000 m? /year for the period of 2010-2019 is found which is
in line with earlier findings in literature as presented in the paragraph above. The yearly mean sediment
transport can be seen in figure 4.9.
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Figure 4.9: Yearly mean sediment transport through Point East for the period 2010-2019 with g,.q; = 0.45.

4.2.3. Calibration Conclusions

This section will provide the conclusion of the calibration process. Based on the calibration results as
shown in chapter 4.2, ¢,.,; Will be setat 0.45. For segments 3 and 11, the ShorelineS model followed the
LOWESS-averaged CoastSat trends for this value of ¢s..;. Segments 2, 4, and 5 were more accurate at
¢sca; Values of 0.35, 0.55, and 0.55 respectively. Therefore, a median value of ¢,.,; = 0.45 was adopted
as the optimal parameter for the entire study area, balancing model performance across all segments.
A summary of all the displacement rates for both the ShorelineS based average displacements and the
CoastSat based LOWESS trend can be seen in table 4.1.

The longshore sediment transport for this value aligns with the previous studies, providing increased
validation for the selection of ¢,.,; = 0.45.
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Segment CoastSat LOWESS | gscal = 0.35 | gscal = 0.45 | gscal = 0.55 Time Period
(m/year) (m/year) (m/year) (m/year)
2 -0.2t0-1.5 -1.4 -1.7 -2.1 2000-2020
3 -2.8 -1.9 -2.6 -3.4 2000-2020
4 5.2 3.7 4.5 5.3 2000-2010
5 19.3 13.0 16.7 20.3 2017-2021
11 -6.1 -4.8 -6.2 -7.6 2017-2021

Table 4.1: Segment average shoreline displacement rates (m/year) for different segments comparing CoastSat observations
and ShorelineS model with various values for g,.,;. Erosion is defined positive. The timeperiod is the time period over which
the rates were calculated. The optimal parameter values for each segment are highlighted in bold.

4.3. Nearshore Wave Climate Change Projections

This section introduces the influence of the different offshore wave climate change scenarios on the
nearshore wave climate that is used as input for the ShorelineS runs assessing the future shoreline
dynamics. The mean nearshore wave climate for 2010-2019, which is exactly the same wave climate
as the base run, can be seen in figure 3.13. The specifications of the climate change scenarios can be
seen in table 3.6.

Figure 4.10 shows the difference between the mean significant wave height for the base run (no climate
change applied) and the different climate change scenarios in percentage of the base run for the period
2065-2074. It can be noticed that the increase or decrease is spatially uniform. The major fluctuations
that are visible are mainly close to coastal structures, such as the fluctuation near Lekki Deep Sea Port.
Interesting to notice is that for RCP4.5 High and RCP8.5 median, which have the same shift in offshore
significant wave height, the nearshore significant wave height is approximately the same despite the
difference in wave direction.
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Figure 4.10: Difference in mean nearshore (-10 m depth) significant wave height between the base run (without climate
change influence) and the different climate change scenarios for the period 2065-2074.

The same spatial uniformity is seen in the nearshore wave direction under the different climate change
scenarios, as shown in Figure 4.11. This figure shows the difference in mean nearshore wave direction
between the base run and the different climate change scenarios for the same period. Interestingly,
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although both the RCP4.5 and RCP8.5 Median scenarios apply the same offshore directional shift, the
resulting nearshore wave direction is slightly lower for the RCP8.5 Median scenario, which is charac-
terized by a larger increase in offshore significant wave height.
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Figure 4.11: Difference in mean nearshore (-10 m depth) wave direction between the base run (without climate change
influence) and the different climate change scenarios for the period 2065-2074.

4.4. Shoreline Displacement Assessment

This section presents an assessment of shoreline displacement patterns along five areas of interest
along the Lagos coastline, analyzing the influence of coastal structures and climate change variables
on projected erosion and accretion trends through 2075. the areas of interest can be seen in figure
4.6. For every area of interest, 3 transects have been allocated at 5 km distance from each other
covering a total area of 10 km. At these transects the displacement relative to the initial shoreline
position is calculated over time. This gives an indication of the erosion/accretion patterns at the areas of
interest and illustrates the spatial extent of the coastal structure’s influence on the surrounding shoreline
morphology.

4.4.1. Area of Interest 1

This area is located west of the Commodore Channel and is characterized by the West Mole that acts
as a sediment trap. In this model representation, the mole extends further seaward than its current
real-world dimensions. The accretive trend is clearly visible in figure 4.13 and 4.14 where the relative
shoreline displacement per transect is shown. The accretion is the highest directly next to the mole,
reaching approximately 200 m of accretion by the year 2060 under all scenarios. The accretion declines
further away from the Mole.

The influence of climate change is highest close to the Mole where, under RCP8.5, the range in dis-
placement compared to the base run is between -26 m and +18 m being 10.6% more seaward or 7.4%
more landward respectively and proportional to the base run as can be seen in figure 4.14. An increase
in wave direction (becoming more westerly) and wave height will induce an increase in longshore sed-
iment transport and thus enhance accretion rates. Sea level rise on the other hand will cause the land
to retreat and thus weakens accretion rates. This counterbalancing effect is why the median line in
figure 4.14 is very close to the base run. The visible range reflects scenarios in which the effects of
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sea level rise and changes in wave climate were assessed independently.

Transect map with Shoreline Evolution for RCP4.5 median (West of the Comdore Channel )
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Figure 4.12: The shoreline positions over time at Area of Interest 1 for the median RCP4.5 scenario with the three transects
indicated by the dotted lines. The satellite image is shown for reference only.
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Figure 4.13: The displacement relative to the initial shoreline west of the Commodore Channel at the three transects as
indicated in figure 4.12 under RCP4.5, the black dotted line indicates the base run where no changes are applied.
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Figure 4.14: The displacement relative to the initial shoreline west of the Commodore Channel at the three transects as
indicated in figure 4.12 under RCP8.5, the black dotted line indicates the base run where no changes are applied.

4.4.2. Area of Interest 2
Area of Interest 2 is located east of the groyne scheme. Based on the model simulations, the highest
erosion rates by 2075 for the full area are projected to occur immediately adjacent to this groyne system
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with shoreline retreat reaching 700 meters by this year as can be seen in figure 4.16 and 4.17. Further
away from the groyne system, the influence of the coastal structure is still visible in the form of erosive
trends with shoreline retreat reaching more than 140 meters at 10 km east of the groyne system.

Other than at Area of Interest 1, the climate change factors all enhance erosion at this location. The ab-
solute influence of climate change on the erosion is largest at transect 1, closest to the groyne system.
However, as can be noticed in table 4.2, further away from the coastal structure, the absolute differ-
ence between the RCP8.5 scenarios and the base run becomes smaller, while the relative difference
becomes larger in the year 2075. The reason for this is that further away from the coastal structure,
the erosive and accretive patterns are more guided by the wave climate rather than the presence of a
coastal structure. A difference in wave climate induced by climate change will therefor have a relative
larger impact further away from the coastal structure.

Displacement T1 Displacement T2 Displacement T3
Base 709 m 341 m 144 m
Scenario K T2 3
Abs. (m) Rel. (%) | Abs. (m) Rel. (%) | Abs. (m) Rel. (%)
RCP8.5 min -11 -1.6 -3 -0.9 -1 -0.7
RCP8.5 median +27 +3.8 +25 +7.4 +20 +13.6
RCP8.5 max +65 +9.2 +48 +14.2 +35 +24.2

Table 4.2: Displacement by the year 2075 for the base run and the absolute (Abs.) and relative (Rel.) displacement differences
from the base run for transects T1-T3 under RCP8.5 minimum, median, and maximum scenarios by 2075. Relative values are
expressed as percentages of the total projected displacement at each transect for the base run.
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Figure 4.15: The shoreline positions over time at Area of Interest 2 for the median RCP4.5 scenario with the three transects
indicated by the dotted lines. The satellite image is shown for reference only.
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Figure 4.16: The displacement relative to the initial shoreline west of the Commodore Channel at the three transects as
indicated in figure 4.15 under RCP4.5, the black dotted line indicates the base run where no changes are applied.
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Figure 4.17: The displacement relative to the initial shoreline east of the groyne scheme at the three transects as indicated in
figure 4.15 under RCP8.5, the black dotted line indicates the base run where no changes are applied.

4.4.3. Area of Interest 3

Area of Interest 3 is located west of Lekki Deep Sea Port. Just as Area of Interest 1, this area is
characterized by an accretive trend due to the presence of Lekki Deep Sea Port as can be seen in
figure 4.18. After 10 years the western tip of the port structure is reached after which the accretion
rates slow down and bypassing of the groyne increases, this can be seen in both figure 4.19 and 4.20.
Also further away from the port, at T3, the model predicts accretion of almost 100 m by the year 2075
for all climate scenarios.

Similarly to Area of Interest 1, the climate change factors are counterbalancing each other. Furthermore,
the climate uncertainty range at T1 is noticeably smaller than at T2 and T3, suggesting that closer to
the coastal structure, the influence of the presence of the coastal structure on shoreline displacement
outweighs that of sea level rise or changes in wave climate.
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Figure 4.18: The shoreline positions over time at Area of Interest 3 for the median RCP4.5 scenario with the three transects
indicated by the dotted lines. The satellite image is shown for reference only.
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Figure 4.19: The displacement relative to the initial shoreline west of the Commodore Channel at the three transects as
indicated in figure 4.18 under RCP4.5, the black dotted line indicates the base run where no changes are applied.
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Figure 4.20: The displacement relative to the initial shoreline east of the groyne scheme at the three transects as indicated in
figure 4.18 under RCP8.5, the black dotted line indicates the base run where no changes are applied.

4.4.4. Area of Interest 4

Area of Interest 4 is located between Lekki Deep Sea Port (on the west end) and Dangote Quays Lekki
(on the east end) causing both erosive and accretive trends in this area. In the model representation,
the tip of the groyne of Dangote Quays Lekki is at current real-word location. The erosion in transect
T1 can reach 200 meters after 10 years in all scenarios. After this, the bypassing from the west side of
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Lekki Deep Sea Port also increases as stated in chapter 4.4.3 and can be seen in figures 4.19 and 4.20.
The accretion in transect T3 stabilizes after the year 2040, when the tip of the breakwater is reached
and all the sediment bypasses the breakwater.

The influence of the climate change factors on the accretion rates is minimal. For the erosion in transect
T1 a clear range is visible for both RCP4.5 and RCP8.5 in figures 4.22 and 4.23 respectively. In table
4.3 the absolute and relative changes between the base scenario and the different climate scenarios
is shown where it can be noticed that in the most extreme RCP8.5 scenario, the erosion is modeled to
increase by almost 10%.

T1
Base 474 m
Scenario T
Abs. (m) | Rel. (%)

RCP4.5 min -9 -1.8
RCP4.5 median +14 +3.1
RCP4.5 max +27 +5.6
RCP8.5 min -10 -2.0
RCP8.5 median +17 +3.6
RCP8.5 max +47 +9.8

Table 4.3: Displacement by the year 2075 for the base run at transect T1 and the Absolute (Abs.) and relative (Rel.) difference
in displacement between the base run and T1 transect for the minimum, median and maximum scenarios for RCP4.5 and
RCP8.5 by 2075. Relative values are expressed as percentages of the total projected displacement at transect T1.
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Figure 4.21: The shoreline positions over time at Area of Interest 4 for the median RCP4.5 scenario with the three transects
indicated by the dotted lines. The satellite image is shown for reference only.
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Figure 4.22: The displacement relative to the initial shoreline west of the Commodore Channel at the three transects as
indicated in figure 4.21 under RCP4.5, the black dotted line indicates the base run where no changes are applied.
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Figure 4.23: The displacement relative to the initial shoreline east of the groyne scheme at the three transects as indicated in
figure 4.21 under RCP8.5, the black dotted line indicates the base run where no changes are applied.

4.4.5. Area of Interest 5

Area of Interest 5 is located just east of Dangote Quays Lekki and is characterized by erosion. By 2070,
the model projects that the shoreline just next to the coastal structure will retreat more than 600 meters
inland under all climate scenarios.

The same climate change impact pattern is visible as in Area of Interest 2. Erosion is most severe in
absolute terms close to the structure, increasing by 64 meters or 10.1% at maximum under RCP8.5.
As distance from the structure increases, the relative erosion becomes more pronounced, increasing
by 28 meters or 35.1% at maximum under RCP8.5.
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Transect map with Shoreline Evolution for RCP4.5 median (East of Dangote Quays Lekki )
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Figure 4.24: The shoreline positions over time at Area of Interest 5 for the median RCP4.5 scenario with the three transects
indicated by the dotted lines. The satellite image is shown for reference only.
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Figure 4.25: The displacement relative to the initial shoreline west of the Commodore Channel at the three transects as

indicated in figure 4.24 under RCP4.5, the black dotted line indicates the base run where no changes are applied.
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Figure 4.26: The displacement relative to the initial shoreline east of the groyne scheme at the three transects as indicated in
figure 4.24 under RCP8.5, the black dotted line indicates the base run where no changes are applied.

4.4.6. Influence of Individual Climate Change Parameters

This paragraph introduces the assessment of the influence of the individual climate change parameters
on the total displacement. Area of Interest 1, which displays a clear accretive pattern, and Area of
Interest 2, which shows the most significant erosion, are selected for analysis. To clearly distinguish
the influence of various climate change parameters, the analysis employs the most extreme climate
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scenario for RCP8.5 projected for the year 2075. This scenario consists of an increase in significant
wave height of 5.2%, an increase of wave direction of 1.4% (becoming more westerly) by 2075 and a
sea level rise of 94 cm by 2075.

Area of Interest 1

Just west of the Western Mole, Area of Interest 1 is located, which is characterized by an accretive
trend which is largest close to the Mole. As stated in chapter 4.4.1, the climate change parameters
counter balance each other. This is also seen in table 4.4, which shows that sea level rise reduces
shoreline accretion by 18 m, while both increased significant wave height and a more westerly wave
direction enhance accretion by 5 m and 20 m respectively. The absolute change between the base run
and the total scenario, where all the climate change parameters are present, is approximately the sum
of all the individual contributions, meaning that the different climate change parameters do not interact
synergistically to amplify their effects.

Scenario Shoreline Position Change | Absolute Change | Percentage Change
(2020 vs 2075) from Base from Base
Base -243 m - -
only SLR -225m +18 m +7%
only AHS -248 m -5m -2%
only ADir -263 m -20 m -8%
Total -251m -8m -3%

Table 4.4: Impact of different climate change parameters on shoreline position just next to the Western Mole in Area of Interest
1 (transect T1 in figure 4.12) under the most extreme RCP8.5 scenario for 2075. Under the total scenario all the parameters
are active and is the same as in the maximum RCP8.5 scenario in chapter 4.4.1. Accretion is defined as negative and erosion
as positive.

Area of Interest 2

Area of Interest 2 is located just east of the groyne system and is characterized by an erosive trend which
is largest close to the coastal structure. As stated in chapter 4.4.2, the climate change parameters all
enhance the erosion in this area. This erosive trend also becomes visible in table 4.5, which shows that
sea level rise, increase in wave direction and increase in significant wave height enhances shoreline
retreat by approximately 19 m, 26 m and 17 m respectively. The absolute change between the base
run and the total scenario, which incorporates all climate change parameters, approximates the sum of
individual parameter contributions. This relationship indicates that the climate change parameters do
not interact synergistically to amplify their effects, a finding consistent across both areas of interest.

Scenario Shoreline Position Change | Absolute Change | Percentage Change
(2020 vs 2075) from Base from Base
Base 709 m - -
only SLR 728 m +19m +3%
only AHS 735m +26 m +4%
only ADir 726 m +17 m +2%
Total 774 m +65 m +9%

Table 4.5: Impact of different climate change parameters on shoreline position in just next to the groyne scheme in Area of
Interest 2 (transect T1 in figure 4.15) under the most extreme RCP8.5 scenario for 2075. Under the total scenario all the
parameters are active and is the same as in the maximum RCP8.5 scenario in chapter 4.4.1. Accretion is defined as negative
and erosion as positive.

Figure 4.27 shows the spatial variability of the influence of the individual climate change parameters
along the three different transects as indicated in figure 4.15. This shows that further away from the
groyne system, the influence of the change in direction diminishes. The influence of the change in
significant wave height slightly fluctuates and the influence of sea level rise stays approximately the
same.
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Contribution of Climate Factors to Shoreline Displacement (East of the Groyne Scheme)
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Figure 4.27: Influence of the different climate change parameters to the difference in displacement by the year 2075 compared
to the base run at the three different transects as are indicated in figure 4.15.

These observations can be explained by examining how changes in wave direction and significant
wave height affect the Van Rijn (2014) longshore sediment transport formula used in ShorelineS. A
change in wave direction alters the angle of wave incidence in the transport calculation. Near coastal
structures, the shoreline tends to adjust relatively quickly toward an equilibrium orientation at which the
angle of incidence approaches zero and longshore sediment transport is minimized. A shift in wave
direction changes this equilibrium orientation, thereby reintroducing a sediment flux gradient near the
structure and triggering shoreline adjustment. Further from coastal structures, the longshore sediment
flux increases or decreases uniformly, resulting in minimal changes to the sediment flux gradient and
thus minimal contribution to the shoreline displacement. Chapter 4.5 provides more information about
this.

The significant wave height affects the van Rijn 2014 formula differently. The longshore sediment
transport Q, is proportional to H2-!, meaning that changes in H, exponentially influence the sediment
transport, amplifying flux gradients and consequently enhancing erosion rates.

In ShorelineS, the influence of SLR is calculated by applying the Bruun coastal retreat rule that accounts
for the beach slope and the projected sea level rise to determine shoreline position changes. This
means that the observed spatial uniformity of the influence of sea level rise is expected as the slope is
assumed constant along the coast.

It is important to note that the influence of climate change parameters is also time-dependent. In
the RCP8.5 scenario, wave direction and height change linearly over time, meaning the results for
2075 represent the cumulative effect of progressive changes. If the same analysis were conducted
for an earlier time window (e.g. 2020-2030), the spatial patterns would be similar, but the magnitude
of displacement would be smaller. Additionally, shoreline orientation itself evolves over time due to
erosion and accretion, which alters the local angle of wave incidence and introduces further variation in
the response to wave direction changes. These dynamic interactions are important to consider when
interpreting long-term shoreline evolution.

4.47. Modeling Uncertainty

As discussed in chapter 3.4, modeling uncertainty is accounted for by evaluating shoreline displacement
across a range of ¢, values derived from the calibration. As shown in chapter 3.3.2, the most suitable
values for ¢,.,; range between 0.35 and 0.55. In this section, shoreline displacement over time is plotted
in a similar manner as for the climate change scenarios, including the same transects. To provide a
concise overview, uncertainty envelopes are presented for two Areas of Interest: Area 1 and Area 2.
The uncertainty envelopes for the other areas can be seen in appendix B.

In figure 4.28, the uncertainty ranges for Area of Interest 1 are shown. The accretive trend is visible
for all ranges, only the rate of accretion varies between the different values of ¢,.,;. Table 4.6 provides
more insight into the magnitude of displacement uncertainty in the year 2075. The results show that
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displacement at T1 can vary by approximately +20% relative to the base run, while at T2 and T3, the
variation is around £25%. This highlights that although the overall trend remains consistent, the choice
of gscqr has a significant influence on the absolute shoreline position, especially further away from the
coastal structure.
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Figure 4.28: The displacement relative to the initial shoreline east of the west mole at the three transects as indicated in figure
4.12 for different values of ¢,.,;. The black dotted line indicates the base run (g,.,; = 0.45), the red dotted line indicates the
upper limit (¢scq; = 0.55) and the blue dotted line indicates the lower limit (¢s.; = 0.35). The gray area indicates the
uncertainty range.

Displacement T1 Displacement T2 Displacement T3
Base run (gscq; = 0.45) -243 m -142 m -107 m
Scenario . T . T2 . T3
Disp. (m) Rel. (%) | Disp. (m) Rel. (%) | Disp. (m) Rel. (%)
Base run (gscar = 0.35) -200 -18 -106 -25 -81 -24
Base run (gscq; = 0.55) -284 +17 -178 +25 -134 +25

Table 4.6: Displacement (Disp.) by the year 2075 for the base run and the relative (Rel.) displacement differences from the
base run for transects T1-T3 for area 1 for the different values of ¢,.,; by 2075. Relative values are expressed as percentages
of the total projected displacement at each transect for the base run.

The same trend that is visible in Area of Interest 1, is visible in Area of Interest 2, where the overall
shoreline retreat is consistently present for all ¢;.,; values. As shown in figure 4.29, the magnitude of
erosion increases with higher values of ¢,..;, while lower values reduce the rate of shoreline retreat.
Table 4.7 quantifies these differences by 2075, revealing that the variability in projected displacement
ranges from approximately +15% near the structure (T1) to £30% further downdrift (T3). This highlights
that the choice of calibration coefficient ¢,.,; has a considerable impact on the projected shoreline
position, particularly further from the coastal intervention. It underlines the need for careful calibration
when using the model for long-term shoreline predictions.
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Figure 4.29: The displacement relative to the initial shoreline west of the groyne system at the three transects as indicated in
figure 4.15 for different values of gs.,;. The black dotted line indicates the base run (gs..; = 0.45), the red dotted line indicates
the upper limit (¢s.q; = 0.55) and the blue dotted line indicates the lower limit (¢s.; = 0.35). The gray area indicates the
uncertainty range.

Displacement T1 Displacement T2 Displacement T3
Base run (gscq; = 0.45) +709 m +341m +144 m
Scenario . T . T2 . LE
Disp. (m) Rel. (%) | Disp. (m) Rel. (%) | Disp. (m) Rel. (%)
Base run (gscqar = 0.35) +610 -14 +260 -24 +101 -30
Base run (gscq; = 0.55) +792 +12 -418 +23 +190 +32

Table 4.7: Displacement (Disp.) by the year 2075 for the base run and the relative (Rel.) displacement differences from the
base run for transects T1-T3 of area 2 for the different values of ¢,.,; by 2075. Relative values are expressed as percentages
of the total projected displacement at each transect for the base run.

4.5. Longshore Sediment Transport Assessment

To assess the influence of climate change on longshore sediment transport, Point West and Point
Middle of the calibration points as introduced in chapter 3.3.2 are re-evaluated under climate change
scenarios. Point East is left out of this analysis as this point is located close to Dangote Quays Lekki,
which is incorporated in the future runs. These points can be seen in figure 4.6. Furthermore, the
individual climate change parameters will be assessed by separating them to determine their relative
influence and spatial variability along the coast.

In this analysis, the mean longshore sediment transport of the years 2065-2074 for the different climate
scenarios will be compared to the base run.

4.5.1. Point West

Point west is located west of the Western Mole of the Commodore Channel. The longshore sediment
transport at this location shows significant sensitivity to climate change scenarios, with projections
ranging from a slight decrease under low emission scenarios (-4%) to substantial increases under
higher emission scenarios. Notably, under the most severe climate change projection (RCP8.5 high),
sediment transport could increase by up to 20% compared to the base run.
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Figure 4.30: Mean longshore sediment transport for Point West during the years 2065-2074 for different climate scenarios.
The difference from the base run is given in percentages.

4.5.2. Point Middle

Point middle is located east of the groyne system and west of Lekki Deep Sea Port. Point Middle
exhibits a similar pattern of climate change impacts on longshore sediment transport. The projected
transport rates for 2065-2074 show considerable variation across scenarios, with low emission scenar-
ios indicating slight decreases (-3%) relative to the base run. However, there is a progressive increase
in transport rates with higher emission scenarios, culminating in an 18% increase under the RCP8.5
high scenario.
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Figure 4.31: Mean longshore sediment transport for Point Middle during the years 2065-2074 for different climate scenarios.
The difference from the base run is given in percentages.

4.5.3. Influence of Individual Climate Change Parameters

This section outlines the influence of the individual climate change parameters to the total longshore
sediment transport along the Lagos State Coast. In this analyses the same runs as in chapter 4.4.6
are used which can be seen in table 3.9. To fully understand the influence of the individual parameters
across the entire domain, the mean longshore sediment transport was calculated for each shoreline
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location during the period 2065-2074. The results can be seen in figure 4.32. The upper graph rep-
resents the mean transport for different scenarios: the RCP8.5 high total scenario (grey), only wave
direction change (brown), only significant wave height change (pink), only sea level rise (purple), and
the base run where no changes were enforced. The lower graph shows the difference between each
scenario and the base run, highlighting the isolated impact of each climate parameter.
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Figure 4.32: Mean longshore sediment transport analysis for 2065-2074. Top: Transport rates under various scenarios
including RCP8.5 high (grey), isolated wave direction change (brown), wave height change (pink), sea level rise (purple), and
baseline conditions (blue). Bottom: Difference between each climate change scenario and the baseline, illustrating the
individual contribution of each parameter to the longshore sediment transport.

The influence of the change in significant wave height is the most dominant and is more profound further
away from coastal structures and, due to the nonlinear relationship between the wave height and the
longshore sediment transport, the influence of the changing wave height increases further away from
coastal structures where the total longshore sediment transport is highest.

Another significant observation is that the change in wave direction has the strongest impact on sedi-
ment transport near coastal structures. This is because the local shoreline orientation in these areas
quickly adjusts toward an equilibrium angle, where the wave incidence approaches perpendicular and
longshore sediment transport is minimized. A slight shift in wave direction therefore reintroduces a
transport gradient near the structure, triggering sediment movement and shoreline adjustment. This
explains the dominant influence of directional change observed near structures and confirms the find-
ings presented in chapter 4.4.6 regarding the spatial variability of climate parameter influence.

While the spatial pattern of influence remains largely consistent, the magnitude of the sediment trans-
port change is time-dependent, as wave direction shifts occur linearly over the simulation period. The
graphs (figure 4.32) shown represent a late-century snapshot (2065-2074), when the wave direction
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has shifted most significantly. In earlier periods (e.g. 2020-2030), the same spatial distribution is
visible but with smaller absolute changes.

Further away from coastal structures, the influence of wave direction becomes more uniform, showing
consistent increases along the coast. This explains the low contribution of the wave direction to the
total shoreline displacement, driven by a gradient in the longshore sediment transport, at transect T3
in figure 4.27. T3 is located at alongshore distance 570,000 approximately.

The influence of the sea level rise to the longshore sediment transport is zero along almost the whole
shoreline. Only at the Lekki Deep Sea Port and Dangote Quays Lekki there is a fluctuation which
is caused by sea level rise slowing down the accretion to the tip of the port structures and thereby
influencing the by-passing at these locations.



Discussion

The aim of this thesis is to analyze the influence of climate change on the shoreline dynamics of the La-
gos State coastline over a 50-year timespan. To achieve this, the 1D-shoreline model ShorelineS was
used to simulate long-term coastline evolution under various climate scenarios. The general findings
are discussed in chapter 5.1. Chapter 5.1.1 examines the specific mechanisms through which climate
change affects shoreline dynamics, while subsequent sections address the research contributions, lim-
itations, coastal management implications, and directions for future work.

5.1. General Findings

This section introduces the main findings of this thesis project. Due to the significant eastward directed
longshore sediment transport, induced by the unidirectional south-south western wave direction, the
Lagos State coast is prone to erosion. This erosion can become particularly severe near coastal struc-
tures, with projected retreat reaching up to 700 meters locally by 2075, even under baseline (no climate
change) conditions. The impact of climate change, modeled through sea level rise and variations in
wave height and direction, is more visible in erosion-prone areas, where sea level rise and changing
wave conditions reinforce ongoing shoreline retreat. In accretive zones, sea level rise induces a shore-
line retreat while a change in wave conditions enhance the accretive trend, effectively counterbalancing
each other. At erosion-prone areas, climate change can increase erosion near structures by up to 10%
in the year 2075 under extreme scenarios. This effect, however, is relatively limited when compared
to the dominant role that coastal structures play in shaping local erosion and accretion patterns along
the Lagos State coastline.

Longshore sediment transport is also sensitive to changes in wave climate, with increases of up to 20%
observed by the year 2075 under the most severe RCP8.5 scenarios at the two locations analyzed
in chapter 4.5. Analysis of individual climate change parameters revealed that wave height changes
have the most significant overall impact, particularly further from coastal structures due to the nonlinear
relationship between wave height and sediment transport. Wave direction changes produce stronger
localized effects near coastal structures but have more uniform influence further along the shoreline.
Sea level rise minimally affects longshore sediment transport patterns.

5.1.1. Climate Change Impact Mechanisms

An analysis of the individual climate parameters reveals that near coastal structures, the change in
wave direction is the dominant driver of shoreline movement. However, its influence diminishes with
increasing distance from these structures as can be seen in figure 4.27. This spatial pattern can be
attributed to how wave direction affects the van Rijn 2014 longshore sediment transport formula. A shift
to more westerly wave directions (which is seen in almost all climate scenario’s) increases the total
longshore sediment transport over the whole area, creating steeper transport gradients near structures
where sediment transport approaches zero, resulting in steep gradients and enhanced erosion. Further
from structures, directional changes produce more uniform shifts in sediment flux, resulting in minimal
gradient alterations and reduced morphological impact.

61



5.2. Research Contribution 62

Changes in wave height influence the shoreline differently. Since longshore sediment transport is pro-
portional to H2-!, even modest increases in significant wave height can substantially amplify sediment
transport rates. This leads to enhanced sediment flux gradients and thus intensify erosion or accretion.

In contrast, sea level rise induces remarkably uniform shoreline retreat across the study area. This
uniformity stems from ShorelineS’ application of the Bruun rule, which calculates retreat based primarily
on beach slope and projected sea level rise. With the model assuming a constant slope along the coast,
the resulting shoreline displacement shows minimal spatial variation compared to the other climate
parameters.

5.2. Research Contribution

This section introduces the main research contributions of this thesis project. This research contributes
to the understanding of shoreline evolution in Nigeria by providing a quantitative assessment of climate
change impacts on the Lagos State coastline over a 50-year time period. It partly extends the work of
Giardino et al. [30], who conducted a large-scale sediment budget analysis from Cbte d’lvoire to Benin,
west of Lagos State, incorporating both climate change and anthropogenic interventions. Their study
concluded that man-made structures have played a dominant role in shaping shoreline dynamics along
the West African coast, a finding confirmed and spatially refined in the present research.

A key advancement in this study is the separate evaluation of individual climate drivers, specifically
significant wave height and wave direction, which were not assessed independently in the work by
Giardino et al. [30]. By isolating these parameters, this research offers new insight into their respective
contributions to future shoreline change, highlighting their spatially variable influence and interaction
with local coastal structures.

Furthermore, this research confirms earlier estimates of longshore sediment transport along the Lagos
State coastline, which ranged from approximately 500,000 m? /year to 1,000,000 m?/year [22, 20, 4,
28].

5.3. Research Limitations

Despite the valuable insights provided by this study, several limitations should be acknowledged re-
garding the modeling framework, input data, and assumptions made throughout the analysis. They are
introduced in this section.

5.3.1. Wave Climate Forcing

The offshore wave climate used to drive the model was derived from ERA5 historical reanalysis data
and transformed using SWAN. While these sources offer good regional coverage, they come with
spatial and temporal limitations that may not fully capture local wave variability. The uncertainty in
wave modeling was not addressed in this project and may represent a potential source of uncertainty
in the results. The Gaussian Process model used to extend the offshore wave data into the nearshore
performed well for swell waves, but was less accurate for wind-sea conditions. Moreover, only the
wave climate from 2010-2020 was used to define future trends, which may not capture interdecadal
variability. Climate change effects were incorporated as annually changing parameters, but the full
uncertainty range in wave projections was not explored.

5.3.2. Bathymetry and Wave Transformation

A key limitation of this study is the absence of detailed nearshore bathymetric data. This introduces
uncertainty in the nearshore wave climate generated by the SWAN model, as local wave patterns,
particularly those influenced by small-scale bathymetric features, are not accurately captured. Further-
more, in the ShorelineS model, a single shoreline profile was assumed across the entire domain, and
a representative median grain size (Ds¢) was applied uniformly. As a result, site-specific nearshore
processes, such as wave refraction and local sediment transport pathways, are not fully resolved.

5.3.3. ShorelineS Model Framework
The ShorelineS model is a one-line (1D) shoreline evolution model, meaning that only longshore sed-
iment transport is simulated. Cross-shore processes, including bar migration, profile steepening, and
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storm-induced erosion (e.g., from extreme events such as tropical cyclones or surge events), are not
included. Furthermore, due to computational efficiency, the grid resolution varied between 300 and
2000 meters, which may miss finer-scale shoreline variations. A single calibration factor was applied
across the domain, resulting in a reasonable fit for most areas while producing deviations in others.
This trade-off was deemed the most suitable given data constraints, but it adds uncertainty to the ab-
solute displacement outcomes. A sensitivity analysis using different values of the sediment transport
calibration parameter ¢,.,; revealed that projected shoreline displacement can vary by up to +30% de-
pending on the chosen value. This highlights that while the model captures spatial patterns reliably,
the absolute magnitudes of displacement should be interpreted with caution.

Additionally, sediment bypassing around coastal structures in ShorelineS is represented by a simplified
calculation that does not consider cross-shore processes. For example, the model assumes immediate
full sediment bypassing once the tip of a structure is reached, neglecting more complex nearshore
dynamics.

5.3.4. Coastal Structures and Interventions

Other than the extension of the west mole, this study assumed no future coastal interventions, a simpli-
fication that is unlikely to hold, especially in a rapidly developing region such as Lagos State. Existing
structures, such as the Dangote Quays in Lekki, were assumed to remain in place without further mod-
ification.

5.3.5. Interpretation and Scale of Results

It is important to emphasize that the results presented in this study should be considered indicative
rather than predictive. The absolute values of shoreline displacement and sediment transport are
intended to provide an order-of-magnitude estimate of the contribution of climate change to coastal
evolution, rather than precise forecasts. As such, the results are best interpreted in terms of relative
spatial trends and comparative impacts across the study area.

5.4. Implications for Coastal Management

The findings of this study highlight several important implications for coastal management in Lagos
State. First, the analysis provides an overview of areas experiencing the highest rates of erosion and
accretion along the Lagos State coastline, confirming that man-made structures, such as ports and
groynes, currently exert a significant influence on shoreline dynamics.

Second, while climate change impacts do affect the overall sediment budget and shoreline position,
their relative influence varies spatially. The isolated assessment of wave height and direction shows
that wave climate changes can enhance erosion in some locations and promote accretion in others,
depending on local orientation and boundary conditions. This underlines the need for site-specific
adaptation measures and sediment management strategies.

Importantly, the study shows that even under high-emission climate scenarios (RCP 8.5), the effects of
climate change on erosion patterns are in some areas still smaller than those of existing anthropogenic
interventions. However, this balance may shift over time as climate change accelerates, emphasizing
the urgency of developing proactive and adaptive planning frameworks.

Finally, these findings highlight the need for an integrated sediment management plan in Lagos State.
While this study mainly addressed physical processes, future research should also include socioeco-
nomic vulnerability, infrastructure exposure, and governance capabilities. Effective sediment manage-
ment will require collaboration among local stakeholders such as port authorities, urban planners, and
environmental agencies. Coordinated efforts are essential to ensure that management strategies are
practical, sustainable, and fair to all affected communities.

5.5. Future Research
This section provides several directions that remain for future research.

» Future work could include the implementation of mitigation strategies such as beach nourish-
ments, sediment bypassing, or additional groynes in the ShorelineS model. This would allow
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for an assessment of their effectiveness under different climate scenarios and support the de-
velopment of adaptive intervention plans. To address the inherent uncertainty associated with
long-term climate change, future studies could apply the Dynamic Adaptive Policy Pathways
(DAPP) framework. This approach would help identify tipping points and thresholds for interven-
tion, enabling decision-makers to dynamically adjust coastal management strategies in response
to observed shoreline changes and climate trends.

Better input data could improve the reliability of the model results. As the model is primarily forced
by the nearshore waves climate, more accurate nearshore bathymetry would help reduce uncer-
tainty in how waves are transformed near the coast and how sediment is transported alongshore.

The modeling approach could be expanded to include cross-shore processes, storm events, and
seasonal variability, which are now left out. These processes are likely to become more important
as extreme weather events increase in frequency and intensity due to climate change.

Future research could include socioeconomic and ecological factors to allow for a more complete
assessment of coastal vulnerability. This would make it possible to identify critical areas not just
based on physical erosion risk, but also in terms of exposure of people, infrastructure, and natural
habitats.



Conclusion

This study evaluated the impact of climate change on long-term shoreline dynamics along the Lagos
State coastline, an area of growing economic, infrastructural, and demographic importance with the
aim of answering the main research question How will sea level rise and changing wave climate affect
long-term shoreline dynamics along the Lagos State coastline?. The presence of large-scale coastal
structures, combined with a dominant wave climate from the south-southwest, has disrupted sediment
transport along the coast. Climate change, through sea level rise and a changing wave climate, is
expected to further affect these dynamics over the coming decades.

The ShorelineS model, calibrated with historical shoreline data, demonstrated reliable performance
in simulating shoreline dynamics under various climate scenarios. The findings reveal that while cli-
mate change will impact erosion and accretion patterns, the presence of coastal structures remains
the dominant factor shaping shoreline evolution. This research provides quantified projections of po-
tential shoreline changes that can inform adaptive management approaches along this economically
significant coastline.

Sub-question 1: What are the projected changes in wave climate and sea level

over 50 years at the Lagos State coast?

The projections of future wave climate used in this study are based on outputs from global climate
models, which simulate atmospheric conditions under different greenhouse gas emission scenarios.
These projections indicate that climate change will gradually alter wind patterns and storm activity,
leading to changes in wave energy and shifts in dominant wave directions—particularly under high-
emission scenarios.

At the Lagos State coast, this results in a projected increase in significant wave height of up to 5.2%
and a westward shift in wave direction of up to 1.4° by 2075 under the extreme RCP8.5 scenario.
Simultaneously, sea level rise may reach up to 0.94 meters. Together, these changes are expected to
increase longshore sediment transport and exert growing pressure on shoreline stability in the coming
decades.

Sub-question 2: What engineering workflows are available to simulate long-term

coastal morphological evolution in the context of climate change?

A review of coastal modeling approaches identified four main categories: data-driven, semi-empirical,
process-based, and reduced-complexity models. This study employed the reduced-complexity 1D
shoreline model ShorelineS, supported by wave transformation using SWAN and a Gaussian Process
model to derive nearshore wave conditions from offshore ERA5 hindcast data. This workflow was
selected for its ability to model large-scale, long-term morphological change under climate forcing.
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Sub-question 3: How can historical data be used to calibrate the engineering
workflows?

The ShorelineS model was calibrated using satellite-derived historical shoreline positions. A uniform
calibration coefficient was applied across the domain to ensure consistency. Sensitivity analysis showed
that shoreline displacement can vary by up to +30% depending on the chosen calibration factor, indi-
cating that model outcomes are sensitive to parameter selection but capable of reproducing general
shoreline trends when appropriately tuned.

Sub-question 4: What are the expected patterns of erosion and accretion along
the Lagos State coastline under future climate scenarios?

Shoreline changes are primarily driven by variations in longshore sediment transport, which depend
largely on the wave climate and the presence of coastal structures. Under the extreme RCP8.5 sce-
nario, sediment transport is projected to increase by up to 20% by 2075 compared to baseline con-
ditions, where no climate change is enforced, amplifying erosion and accretion depending on local
sediment flux gradients.

Model results reveal that erosion is most severe near coastal structures, where longshore sediment
transport is disrupted. Even under baseline conditions, local retreat can reach up to 700 meters by
2075. Climate change intensifies these patterns, with an additional 10% increase in retreat projected
in erosion-prone areas near structures under extreme RCP8.5 scenarios. In contrast, accretive zones
show a more moderated response, where sea level rise tends to induce retreat but is counterbalanced
by increased wave-driven accretion.

Sub-question 5: What are the relative contributions of different climate change
variables (e.g. sealevel rise, wave height, wave direction) to projected shoreline
change?

The contribution of individual climate drivers on shoreline displacement varies spatially. Changes in
wave direction have the most pronounced localized effect near these structures. In these areas, the
shoreline often adjusts toward an equilibrium orientation where the angle of wave incidence, and there-
fore sediment transport, is minimized. Even small shifts in wave direction disturb this balance, reintro-
ducing transport gradients that amplify erosion or accretion. This sensitivity is particularly pronounced
near structures and evolves over time as both wave direction and shoreline orientation change.

Wave height increases have a nonlinear effect on transport due to the H3-! dependency, significantly
increasing sediment flux. Sea level rise results in relatively uniform shoreline retreat across the coast,
consistent with the Bruun rule implementation in ShorelineS.

Main Research Question: How will sea level rise and changing wave
climate affect long-term shoreline dynamics along the Lagos State

coastline?

Overall, this study shows that while climate change will increasingly affect coastal dynamics through
rising sea levels and a changing wave climate, the primary driver of shoreline change along the Lagos
State coastline remains the presence of large-scale coastal structures. Projected shifts in wave direc-
tion and increases in wave height are expected to intensify longshore sediment transport, contributing
to greater erosion in already vulnerable areas. Nevertheless, these effects are spatially variable and
interact strongly with existing human interventions. These findings emphasize the need for adaptive,
site-specific coastal management strategies that address both climatic and anthropogenic influences
on future shoreline evolution.
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Figure A.1: Top graph: Hsig at the output points at the -5m contourline for different wave directions. The yellow line represents
the horizontally extended grid (grid figure: 3.4) and the purple line represents the original smaller grid (grid figure: 3.3). Lower
graph: absolute difference between waveheights at the -5m contourline modeled in the horizontally extended grid and the
original grid
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Figure A.2: Top graph: Significant waveheight at the output points at the -5m contourline for different wave directions. The

yellow line represents the 1000m boundary grid (grid figure: ??) and the purple line represents the original smaller grid (grid

figure: 3.3). Lower graph: absolute difference between waveheights at the -5m contourline modeled in the 1000m boundary
grid and the original grid
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(a) Hsig at -5 m output locations for wave direction < 180 (0.7%)

Hsig at the -5 contourline for row_3, HS3: 1.33, HS35: 1.34, HS4: 1.35, DIR3: 193.46, DIR35: 194.55, DIR4: 195.69,
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(c) Hsig at -5 m output locations for wave direction 190-200 (51.12%)

Hsig at the -5 contourline for row_13, HS3: 1.93, HS35: 1.90, HS4: 1.87, DIR3: 184.59, DIR35: 185.59, DIR4: 186.70,
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(b) Hsig at -5 m output locations for wave direction 180-190 (19.17%)

Hsig at the -5 contourline for row_4, HS3: 1.89, HS35: 1.89, HS4: 1.89, DIR3: 205.36, DIR35: 205.65, DIRA: 205.96,
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(d) Hsig at -5 m output locations for wave direction 200-210 (25.61%)

Hsig at the -5 contourline for row_1, HS3: 1.20, HS35: 1.19, HS4: 1.17, DIR3: 211.18, DIR35: 211.30, DIR4: 211.47,
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(e) Hsig at -5 m output locations for wave direction 210-220 (3.24%)

Figure A.3: Top graph: Significant wave height at the output points at the -5m contour line for different wave directions. The
yellow line represents the vertically extended grid up to latitude 5.5 (grid figure: 3.9) the purple line represents the grid adjusted
to 1000m depth boundaries (grid figure: 3.6) Lower graph: absolute difference between waveheights at the -5m contourline
modeled in the vertically extended grid and the 1000m boundary grid



Modeling Uncertainty

Sediment Transport Uncertainty Analysis (West of Lekki Deep Sea Port)
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Figure B.1: The displacement relative to the initial shoreline east of the west mole at the three transects as indicated in figure
4.18 for different values of ¢,.,;. The black dotted line indicates the base run (gs.,; = 0.45), the red dotted line indicates the
upper limit (gscq; = 0.55) and the blue dotted line indicates the lower limit (¢s.o; = 0.35). The gray area indicates the
uncertainty range.
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Figure B.2: The displacement relative to the initial shoreline east of the west mole at the three transects as indicated in figure
4.21 for different values of ¢..,;. The black dotted line indicates the base run (g,.; = 0.45), the red dotted line indicates the

upper limit (gscq; = 0.55) and the blue dotted line indicates the lower limit (¢s.q; = 0.35). The gray area indicates the
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Sediment Transport Uncertainty Analysis (East of Dangote Quays Lekki)
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Figure B.3: The displacement relative to the initial shoreline east of the west mole at the three transects as indicated in figure
4.24 for different values of ¢.,;. The black dotted line indicates the base run (g,.; = 0.45), the red dotted line indicates the

upper limit (gscq; = 0.55) and the blue dotted line indicates the lower limit (gs.q; = 0.35). The gray area indicates the

uncertainty range.
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